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An Improved Graphical Analysis and 
Comparison of Series of Samples 


VER the past few decades graphical 

methods have been developed and 
increasingly used for the comprehensive 
analysis and for the rapid and economical 
comparison of series of samples. These 
methods are applicable to any type of data 
involving random variation, but are of 
particular concern to systematists, who 
are constantly confronted with data de- 
rived from series of varying samples. 

In his pioneering study of variation and 
speciation in the garter snakes (Tham- 
nophis), Ruthven (1908) showed by 
graphs the range, the mean, and the num- 
ber of specimens for the scale counts of 
each of several geographically arranged 
groupings. He indicated the ranges by 
vertical lines on which the means were 
located by symbol according to sex. The 
means were connected so as to portray 
the variational trends (now called clines). 
This presentation was useful and promis- 
ing, but failed to indicate the significance 
of the observed differences or to give 
more than the crudest idea of the degree 
of overlap or separation between samples. 


A valuable and clever addition to Ruth-. 


ven’s format was proposed by Dice and 
Leraas (1936). In each vertical line show- 
ing the range and the mean for a sample 
they inserted a rectangular bar, like those 
in Figure 1, outlining two standard errors 
of the mean (2¢,,) on either side of the 
mean. This method was designed to in- 
dicate and to test the significance of the 
difference between the means of each pair 
of samples portrayed. It was shown that 
the level of “significance’’ arbitrarily 
adopted by biologists was just about satis- 
fied when two rectangles met, end to end, 
on the same horizontal. 


CARL L. HUBBS and CLARK HUBBS 


Following the same lead, Hubbs and 
Perlmutter (1942) pointed out that “this 
is a special case; we need some indication 
too of the significance of the differences 
(t values), corresponding to the varying 
relative lengths, and to the varying over- 
lap or separation, of the rectangles.” 
Though many biologists and some statis- 
ticians still accept such an arbitrary dis- 
tinction, there is no magic line (as P= 
.05 or .01), where totally unreliable evi- 
dence suddenly gives way to completely 
trustworthy indications of significant dif- 
ference (see Figure 4). 

With the aid of biometrician Charles 
W. Cotterman, Hubbs and Perlmutter in- 
dicated in tabular form just what degree 
of reliability can be attributed to data 
showing, when graphed as in Figure 1, 
varying degrees of overlap or of separa- 
tion between the bars outlining 2c, on 
either side of the mean. They concluded 


that considerable reliance can be placed on 
the significance of the difference between 
samples, if the corresponding rectangles are 
only slightly separated, or if the overlap is 
not more than about 33 per cent of the length 
of the shorter of the two rectangles. When 
the longer rectangle is 2 to 4 or more times 
as long as the shorter one, an overlap of 50 
per cent or even 75 per cent does not negate 
the probability that a significant difference 
exists. If the gap between the rectangles ex- 
ceeds 10 per cent of the length of the shorter, 
the significance of the difference between the 
populations may be regarded as demonstrated 
beyond any reasonable doubt (if we assume 
the samples to be representative). 

When the overlap of two subequal rectan- 
gles exceeds one third of the length of the 
shorter rectangle, little or no reliance can 
rightly be placed on the significance of the 
difference. When the overlap is 50 per cent 
the odds of significance are less than 10 to 1 
unless the length of one rectangle is more 
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LOCALITIES FROM NORTH TO SOUTH 


Fig. 1. Variation from north to south in the number of vertebrae of the 
anchovy, Anchoviella mitchilli. 


A, Massachusetts (3 specimens) ; B, Great Peconic Bay, New York (25) ; 
C, Hudson River, New York (50); D, Great South Bay, New York (30); E, 
New Jersey north of Cape May (63); F, Cape May, New Jersey (30); G, 
Mount Landing, Virginia (48) ; H, Charleston Harbor, South Carolina (77) ; 
I, Georgia (64); J. eastern Florida (95); K, western peninsular Florida 
(77); L, St. Andrews Bay, Florida (50); M. Texas (47); N, Rio Papaloa- 
— (8); O, Yucatan (100). See text for a description of the 
graph. 














Fic. 1. Reproduction of figure presented by Hubbs and Perlmutter (1942) to illustrate 
their modification of the Dice and Leraas method for the graphicai comparison of series of 
samples. Subsequent workers have portrayed the standard deviation (¢) on either side of 
mean as a narrow hollow bar. 
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AN IMPROVED GRAPHICAL ANALYSIS 





than 4 times that of the other. Such differ- 
ences in the values for oy are very rare in 
comparable data. Ordinarily any very consid- 
erable overlap renders the significance of the 
difference very doubtful. 


Hubbs and Perlmutter further modified 
the graphical method by adding to the 
diagram for each sample (see Figure 1) a 
measure of dispersion (oc, the standard 
deviation). This parameter nicely supple- 
mented the measure of reliability (22) 
introduced by Dice and Leraas. The dis- 
tinction between these two measures, 
though still far from being universally 
appreciated, is of great importance. The 
standard deviation measures dispersion 
about the mean. Its values, except for 
fluctuations induced by very small sam- 
ples, do not vary with the size of the sam- 
ple. The values for oy, on the contrary, 
bear on the reliability of the data and 
vary inversely with the square-root of the 
number of variates. Hubbs and Perlmut- 
ter noted: 


When two samples showing normal varia- 
tion are compared, an overlap in the frequen- 
cies of about 16 per cent only is indicated 
when the broad bars representing the stand- 
ard deviations neither overlap nor are sepa- 
rated on the ordinate scale. That is, about 84 
per cent of the specimens of both categories 


would then be separable, in that their values 
for the given character would lie on the 
proper side of the line best separating the two 
populations. Such differences are approxi- 
mately of the order that may be utilized for 
subspecific separation. 

A number of authors, representing bot- 
any and paleontology as well as several 
fields of zoology, have utilized the graph- 
ical method successively elaborated by 
Ruthven, Dice and Leraas, and Hubbs and 
Perlmutter. Some, as Hubbs and Hubbs 
(1947), Pitelka (1950), Tordoff (1952), 
and Storer (1952), have modified the 
drafting format. It became apparent that 
the use of a hollow instead of a black bar 
to embrace o on either side of the mean 
was necessitated by the circumstance that 
at times the value for oc transgresses in 
one direction the observed range. Ordi- 
narily, the bars representing 20,,, or this 
value and go, on either wide of the mean, 
have been drawn, more or less as in Fig- 
ure 1, awkwardly straddling the line in- 
dicating the range of variation; and the 
lines have been kept vertical by most au- 
thors. 

When confronted with the need of pre- 
senting by some such method a large 
amount of data, in part involving long se- 
ries of samples, the junior author found 
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Fic. 2. Regraphing by new format of the same data shown in Fig. 1. Drafted by Robert 


W. Kirk. The guidelines are very helpful but not essential. 


For each locality the range of 


variation is shown by a heavy horizontal line; the mean (M), by a small, narrow triangle. 
The blackened part of each bar comprises 2 standard errors of the mean (2cy) on either side 
of M. One-half of each black bar plus the white bar at either end outline 1 standard deviation 
(co) on either side of M. o indicates dispersion; 2 cy, reliability. 
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the previously used graphical techniques 
time-consuming and in some ways inade- 
quate. The authors together then recon- 
sidered the mode of presentation and ar- 
rived at a simple and, we think, otherwise 
better format. The modified method, 
which presents the same parameters that 
were graphed by Hubbs and Perlmut- 
ter, has been used by the junior author 
repeatedly in his recent monographs 
(Hubbs, 1952 and 1953) on the clinid 
fishes and in other contributions in press, 
and has been adopted by the senior author 
in several papers now in preparation. 
Through personal contacts some publicity 
has been given to the improved method. 

The differences between the two draft- 
ing techniques become evident on com- 
paring Figure 1 (Hubbs and Perlmutter’s 
test case) with Figure 2, which presents 
the same data much more simply. The 
basic differences lie in the elimination of 
a useless half of each bar and in the hori- 
zontal alignment of each diagram. Oliver 
(1948, p. 180) also used the unilateral 
form on a horizontal basis, but did not 
include the bar for o. 

Following are advantages of the method: 


1. The horizontal alignment (a) facili- 
tates comparisons, (b) renders more 
facile and satisfactory the inclusion 
on the graph of such data as the lo- 
calities given on Figure 2, and (c) 
is more quickly grasped, because it 
is conventional in presenting such 
data by frequency tables or graphs, 
and somewhat suggests a frequency 
curve. 

The data are more compact. The 
vertical space occupied by the new 
graph, per unit of width, is 45 per 
cent of that of the prior graph, or 
only 36 per cent if account be taken 
of the inclusion within the new for- 
mat of the geographical data that re- 
quired a long sublegend in the old. 
Twice as many samples can be com- 
pared in a full-page graph. 

The drafting is easier, in that each 
unit requires only 7 lines (or 6 lines 


bo 


OO 


plus a small triangle quickly made 
with the templet for W on a letter- 
ing guide), instead of 10 lines, and 
has fewer close-set parallel lines, 
slight misplacements of which are 
glaring. 

4. The simpler bars facilitate the recog- 
nition of o and of 2c, and render 
more apparent the degree of over- 
lap, or separation, of the bars. 

5. The darkening of the central (stand- 
ard-error) bars emphasizes the val- 
ues that most often call for compari- 
son. 

6. The greater simplicity adds to the 
attractiveness of the diagram. 
The new graphical method allows 
two diagrams to be drawn on either 
side of a line (one up and the other 
down, or one to left, the other to 
right), as for expressing fluctuations 
of proportions at several different 
lengths of a fish. 


“I 


Usually the bars covering 4, will be 
blackened in, but occasionally, as when 
superimposed over a scatter diagram, the 
bars will need to be stippled, cross- 
hatched, or otherwise shaded, so as not to 
conceal underlying symbols. When sev- 
eral sets of data are repeated on the same 
graph, it may be desirable to identify all 
diagrams pertaining to the same series (or 
species) by a distinctive type of shading. 
Such a graph could have several clusters 
of diagrams, in each of which one diagram 
would have the standard-error bar stip- 
pled, another cross-hatched, another stip- 
pled, and so on. 

An innovation in Figure 2, the light 
guidelines, will facilitate examination and 
will often eliminate the need for using a 
square to determine whether or how 
much the bars of distant units overlap or 
are separated. 

Through representation by a heavy line, 
now at the bottom of each unit, the range 
can be made to stand out even when it 
happens to be overlapped on one side of 
the mean by the outer (white) part of the 
bar representing s, or even (in very ex- 
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Fic. 3. Data for estimation of number of specimens in each sample from graphs like 


Fig. 2. Drafted by Robert W. Kirk. 
ceptional cases) by the dark bar portray- 
ing 2oy,. 

Some authors have indicated on their 
graphs the number of specimens for each 
sample. This could have been done in 
parentheses following the legends on the 
left side of Figure 2. It is hardly neces- 
sary, however, to specify the numbers, for 
if we keep in mind the numerical relation- 
ship between ¢ and 2¢,y, we can by inspec- 
tion of the graph approximate the num- 
ber of specimens in each lot. The differ- 
ence is proportional to that between N 
and 2\/N. Thus, if there are 4 specimens, 
the two bars of the diagram will coincide, 
since 4=2/\/4. For the simplest visual esti- 
mate of the number of specimens we may 
compare the ratio in lengths between the 
white bar at either end of each diagram 
in Figure 2 (c—2¢,,) and the entire dark 
bar (49,,). It can readily be computed 
that the sample comprises 9 specimens 
when the white bar is one-fourth as long 
as the dark bar; 16 when one-half as long; 






150 200 250 300 


25 when three-fourths as long; 36 when 
of equal length; 49 when one-fourth 
longer; 64 when one-half longer; and so 
on. These values are indicated on Figure 
3, Which allows for ready interpolation. 
When the values for ¢ have been rounded 
off, the estimates of number of specimens 
lose some precision, but are sufficiently 
accurate. 

Since for most purposes the statistical 
parameters vary little for samples of more 
than 30 specimens and remain nearly con- 
stant for samples of more than 100, graphs 
constructed in the style of Figure 2 indi- 
cate at a glance that statistical adequacy 
is approached when either white end-bar 
exceeds the dark bar in length, and is or- 
dinarily fully attained when the white bar 
is more than twice as long as the dark. 
When the white bar is much shorter than 
the dark, the values for that sample can- 
not be regarded with much confidence. It 
is recommended that only the range and 
the mean be indicated when 9 or fewer 
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specimens are involved and when, as a 
result, the length of the white bar would 
be only one-fourth, or less than one- 
fourth, the dark one. For such entries the 
number of specimens may be indicated on 
the graph. 

When the samples include fewer than 
30 specimens there are other reasons for 
distrusting the reliability of the difference 
that is indicated by the graphical method. 
The values for ¢ are calculated on the as- 
sumption of normal distribution, not 
likely to be realized in small samples, and 
the values for t (considered below) are 
calculated by the conventional large-sam- 
ple formula (as indicated by Hubbs and 
Perlmutter). For comparisons of small 
series, statitisticians favor a formula de- 
signed for such samples, such as the “Stu- 
dent” t test. For especially critical com- 
parisons of samples having fewer than 30 
specimens, the use of such a formula is 
recommended. 

Since the length of the dark bar and its 
limits are of critical significance in the 
graphical interpretation, the drafting 
should be precise, and the outer edge of 
the bar to be inked in should be run on 
the exact limit. 

The criticisms levied against the Dice- 
Leraas method by Simpson and Roe (1939, 
pp. 316-320) would apply with equal force 
against the proposed modification, but 
were answered, we think adequately, by 
Hubbs and Perlmutter. We regard the 
method as sufficiently valid and precise 
for most biological applications. With the 
inclusion of a bar to represent the stand- 
ard deviation (c), but not of the often 
transgressed ‘“‘theoretical ranges (M+3c)” 
proposed by Simpson and Roe, the 
method, especially when graphically re- 
fined as here proposed, provides an ade- 
quate means of publishing data that would 
be less readily understood and very space- 
consuming and cumbersome to present in 
tabular form. 

We now offer in one graph (Figure 4), 
rather than in two tables, as Hubbs and 
Perlmutter did, an improved means for 
determining, very quickly and without 


any involved calculations, the probable 
significance of the observed differences 
between any two samples in a series 
plotted as in Figure 2. The graphical anal- 
ysis follows a simple procedure. First, one 
estimates roughly (for high precision is 
unnecessary and hardly justified) the ra- 
tio of the lengths of the two pertinent 
dark bars, each representing 4c. This 
estimate can be made rather adequately 
by mere inspection; better by stepping, 
with dividers, the shorter dark bar into 
the longer. From the ratio thus obtained 
one selects the appropriate straight line 
as labeled on the right margin of Figure 
4, or interpolates between two of these 
lines. Next, one estimates approximately 
—visual inspection or a quick manipula- 
tion of the dividers suffices—the overlap 
or separation of the two bars, expressed 
as a percentage of the length of the shorter 
bar. Then, from the ascertained percent- 
age scaled on the lower margin one reads 
up to the chosen straight line, or point of 
interpolation, and on the horizontal thus 
located reads off, on the left margin, the 
approximate and sufficiently precise t 
value (the ratio of the difference between 
the means to the standard error of this 
difference). The odds of significance cor- 
responding to certain t values, also re- 
corded on the left margin, give an approx- 
imate idea of the significance of the differ- 
ence. To obtain the value of P (the con- 
ventional expression of the probability 
that the observed difference is due to 
chance), one follows the horizontal line, 
located as indicated above, to the heavy 
line labeled P and reads off the corre- 
sponding P value as scaled along the up- 
per margin. If one prefers to think in 
other terms, it is possible to compute 
quickly the odds of significance from the 
formula (1—P) +P. 

The graphical analysis rendered by Fig- 
ure 4 makes it clearly obvious why a 
broad overlap of the dark bars indicates 
low reliability of the observed difference 
between two samples and why any con- 
siderable separation of these bars indi- 
cates a high reliability. The sloping lines 
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representing the ordinary fluctuations in 
the relative lengths of the two dark bars 
intercept the vertical line of neither over- 
lap nor separation (0 on the graph) at 
points corresponding with the narrow re- 
gion where the P curve is very abruptly 
inflected. 

A word of caution may be intercalated 
regarding the degree of confidence to be 
placed in the measures of reliability, es- 
pecially when the values for t are very 
high (or those for P are very low). The 
computations of these measures are based 
on assumptions, including the normal dis- 
tribution of variates, that may not be com- 
pletely justified. All such computations 
are subject to fluctuation and should be 
treated as approximations. High values of 
t are trustworthy and low values unre- 
liable, much as is indicated in the preced- 
ing discussion, but not to the exact degree 
indicated. The probability of divergent 
samples in biology representing similar 
populations is likely to be rather greater 
than is indicated by the conventional com- 
putations, for the frequency curves tail out 
on either side more extensively than would 
be indicated by the statistical theory. The 
chances of unusual values unexpectedly 
appearing are often greater in biological 
than in other data, because of the complex 
factors involved. 

When used with reasonable reserve, 
however, the methods here presented for 
the graphical analysis and comparison of 
series of samples are highly efficacious 
and economical and are adequate for most 
purposes in systematics and other fields 
of biology. These methods permit rapid 
and comprehensive comparisons; well por- 
tray similarities, differences, and trends; 
and indicate with sufficient precision the 
degree of divergence between samples and 
the reliability of the indicated distinc- 
tions. Ordinarily, higher precision is not 
needed, and, indeed, is often unjustified. 


Addendum 


The method proposed by Hubbs and 
Perlmutter has been presented by Mayr, 
Linsley, and Usinger in their book on 
the Methods and Principles of Systematic 
Zoology (McGraw-Hill Book Co., 1953; pp. 
142-150, Fig. 26). They suggest, however, 
the plotting of 1.5¢ on either side of the 
mean, instead of 1.0c, in order “to indicate 
probable subspecific difference” by a non- 
overlap of the bars. Neither overlap nor 
separation of the bars representing 1.5¢ 
would indicate, with normal distributions, 
the separability of 93 per cent of the speci- 
mens. The same authors, however, else- 
where recommend a value of 1.280 as 
indicating “the conventional level of sub- 
specific difference” (90 per cent separa- 
tion). Both values seem higher than those 
usually accepted (0.6750 and 75 per cent). 
Our recommended plotting of 1.0c on 
either side of the mean, indicating an 84 
per cent separation, seems to us quite 
adequate. 

In view of the obvious advantages of 
plotting the data recommended by Hubbs 
and Perlmutter, we disagree with the in- 
dication by Cazier and Bacon, in the “In- 
troduction to Quantitative Systematics” 
(Bull. Am. Mus. Nat. Hist., 93, 383-384, 
Fig. 12), that for usual systematic pur- 
poses it is sufficient to plot the mean, 
the observed range, and the “calculated 
range” (3c). 
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Regularity of Form in Organisms 


NE of the most interesting and im- 

portant problems of comparative 
anatomy is the multiformity and at the 
same time the regularity of the shapes in 
the structure of plants and animals. Rich- 
ard Qwen, the eminent British zoologist, 
had in the past century proposed two 
principles for comparing the organs and 
appendages of different animals. The first 
of these, analogy, characterizes the phys- 
iological likeness of organs which per- 
form similar functions, and hence often 
assume similar shapes, as for instance, the 
wings of birds and of bats. The second 
principle, homology, is concerned with 
organs which, although fundamentally 
similar in structure, may be different both 
in form and in function, such as the syr- 
inge hole in whales and the nose of other 
vertebrates. 

K. Gegenbaur, in his enthusiasm about 
Darwin’s theory of evolution, came to the 
conclusion that comparative anatomy 
should be based on the historical method, 
that is, should study the gradual develop- 
ment of the animal kingdom. Proceeding 
from this conclusion, he described as ho- 
mologous such parts of the body as have 
been derived from a common ancestor 
and, consequently, are characterized by 
blood relationship, although they may dif- 
fer in appearance and shape, as for in- 
stance the appendages of the various ver- 
tebrates (fishes, birds, mammals). The 
principle of analogy, however, Gegen- 
baur declared superfluous for the pur- 
poses of comparative anatomy, as having 
no bearing whatever on the evolution of 
organisms. 

By restricting in this way the method- 
ology of comparative anatomy Gegen- 
baur at the same time also limited the 
material eligible for comparative study. 
In common with most of his followers he 
began to deal almost exclusively with the 
vertebrates in which the symptoms of 
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homology stand out with exceptional 
clearness. 

As this limitation of the very matter 
and scope of comparative anatomical re- 
search seemed unjustified, I have endeav- 
oured to show that analogy is manifest in 
living nature, in a variety of ways, much 
more frequently than had hitherto been 
believed, and that the parallelism observ- 
able in the structure of numerous organs 
in different groups of animals expresses 
a principle far broader than the principle 
of homology. The inexhaustible variety of 
forms apparent in the representatives of 
the marine fauna makes it clear that the 
method of limiting comparative anatomi- 
cal research to the insignificant (from the 
morphological point of view) group of 
vertebrates is entirely wrong. On the 
other hand, if we extend our comparative 
study of various organs to the whole of 
the animal realm, we come to the conclu- 
sion that most organs exhibiting parallel- 
ism are found in forms which are phylo- 
genetically unrelated. 

Parallelism of form can be observed in 
various systems of organs. The regularity 
is most clearly revealed in the shapes of 
shells and in the structure of organs of 
photoreception (Figs. 1, 2). Shells and 
other protective structures are found in 
widely divergent groups of the animal 
kingdom—in Protozoa, Polychaeta, Tri- 
choptera, Lepidoptera, Pteropoda, Gastro- 
poda, and Cephalopoda (Fig. 1). They are 
built from a variety of materials, such as 
chitin, calcium carbonate, and silica. More- 
over, in some cases these substances are 
secreted by the entire surface of the ani- 
mal, in other cases by a special mantle, 
that is by a portion of the body, and in still 
others (insects), by a few small glands 
opening at the anterior end of the body. 
Yet, in unicellular and multicellular forms 
alike, the protective coverings invariably 
take the following three typical shapes: 
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Fic. 1. 
elongata; 3, Ammodiscus tenuis; 4, 
balantium; 7, 
11, Polygyratia sp.; 12, 
Leptoceras sp.; 16, Helicopsyche 


Orthoceras timidum; 20, Ophidioceras simple; 


J, the first chamber of the shell. 


cups, tubes, and spirals. These basic forms 
occur in all of the groups mentioned 
except the polychaetes, whose elongated 
bodies naturally preclude the possibility 
of formation of a cup-shaped shell. The re- 
currence of these three shell shapes illus- 
strates the inherent morphogenetic regu- 
larity which prevails in the various groups 
of the animal kingdom. We can assert that 
living matter is capable of producing but a 
small or, more accurately, a limited num- 
ber of fundamental forms, while the vast 
number of existing varieties results from 
all possible modifications and combina- 
tions of the basic forms. 

This tendency for basic structural pat- 
terns to recur in unrelated groups of ani- 
mals is still more evident from an exami- 
nation of the organs of photoreception. In 


Shells. I, cup-like; II, tubular; III, spiral. 1, 


Gromia oviformis; 2, Hyperammina 


Tintinnopsis ventricosa; 5, Codonella orthoceras; 6, Clio 
Creseis virgula; 8, Spirialis bulimoides; 9, Patella sp.; 10, Cyclosaurus Mariei; 
Pectinaria auricoma; 13, Serpula spirulaea; 14, Rhyacophila sp.; 15, 
sperata; 17, Nodosaria hispida; 18, Spirillina vivipara; 19, 
21, Bactrites elegans; 22, Arietites bisulcatus. 


all the phyla of the animal kingdom (with 
the exception, of course, of Protozoa) four 
principal types of eye structure are ob- 
served, in which the eyes are provided 
respectively with (1) a flat retina, (2) a 
cup-shaped retina, (3) a vesicular retina, 
and (4) a convex retina (Fig. 2). The 
last-mentioned type is ordinarily called a 
compound eye. It is noteworthy that the 
coelenterates, which are provided with 
well-developed eyes of the first three cate- 
gories, lack the especially complex organs 
of the fourth type. The compound eye, it 
is true, is not characteristic of either Echi- 
nodermata or Chordata; yet in some repre- 
sentatives of each of these phyla there is 
a clearly manifest, though incompletely 
expressed, tendency for the formation of 
these complex organs (e.g., oculars of sea- 
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Fic. 2. Organs of photoreception. I, 


flat eyes; II, cup-shaped eyes; III, vesicular eyes; 


IV, convex (compound) eyes. 1, Aurelia aurita; 2, Sarsia mirabilis; 3, Charybdea marsupialis; 
1, Nais proboscidea; 5, Ranzania sagittaria; 6, Vanadis formosa; 7, Sabella reniformis; 8, Lim- 
nadia lenticularis (one ocellus of the median eye); 9, Limulus polyphemus; 10, Peripatus Ed- 


wardsii; 11, Limnadia lenticularis (compound eye); 


12, Chiton subfuscus; 13, Patella sp.; 14, 


Murex sp.; 15, Arca Noae; 16, Astropecten Miilleri; 17, Astropsis pulvillus; 18, Asteria tenwi- 
spina; 19, Salpa pinnata (one ocellus of the complex photoreceptive organ); 20, Amaroucium 


constellatum (larva); 21, Lacerta agilis (embryo—pineal eye). 


T, tendency toward formation 


of a compound eye; L, lens; N, optic nerve; P, pigment; R, retina. 


stars and complicated eye-groups of salps). 
This tendency is designated in Figure 2 
by the letter 7. Comparative study of 
central nervous systems, locomotor ap- 
pendages, and luminescent organs reveals 
a similar recurrence of basic structural 
pattern for each organ or system, where- 
ever it occurs in the animal kingdom 
(Novikoff, 1930). 

Shortly after the publication of my book 
entitled Das Prinzip der Analogie und die 
vergleichende Anatomie, Prof. B. Nemec 
(1931), of the University of Prague, 
showed that in the plant kingdom, too, 
regular parallelism of form is a character- 
istic phenomenon. Furthermore, in his 
book Organismi e Vita (1935), Prof. G. 
Colosi lists a number of interesting ex- 


amples of parallelism in phylogenetically 
unrelated organisms. These examples in- 
cluded both animals and plants. Further 
corroboration of my views is contained in 
Das Gefiige des Lebens by Prof. L. von 
Bertalanffy (1937). In a recent book en- 
titled Entwicklung als grundgesetzliche 
Notwendigkeit (1948) Prof. H. Krieg of 
Munich expresses agreement with my 
conclusions. 

Further research work in this field, 
however, has led me to believe that the 
concept of analogy includes two different 
categories of phenomena. One clearly cor- 
responds to the accepted definition of this 
term, according to which analogous forms 
are understood to be those that have been 
secondarily acquired by animals or plants 
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in adaptation to similar environmental 
situations. As an appropriate example of 
such an analogy one may cite the front 
appendages of such widely different ani- 
mals as the mole, 7'alpa europaea, and the 
mole cricket, Gryllotalpa vulgaris. The 
ends of the front legs of both the mam- 
malian burrower and the insect burrower 
are shovel-like, well suited to digging un- 
derground. Another example, the acquisi- 
tion of a snow-white fur or plumage by 
various animals of the northern regions, 
may be mentioned. This analogy is con- 
cerned with a purely physiological phe- 
nomenon and is therefore in contrast 
to homology, which is a morphological 
or phylogenetic phenomenon. However, 
these two principles of comparative study, 
namely, physiological analogy and phylo- 
genetic homology, are far too inadequate 
to cover the vast variety of parallel forms 
apparent in nature. In the tabular classi- 
fications mentioned above, there are to be 
found, together with examples of analogy 
and homology, striking similarities in or- 
gan structure which cannot be explained 
either by close kinship of the animals 
bearing them or by the physiological role 
played by the organ. Clearly, the shape 
of shells (in both unicellular and multi- 
cellular animals), which are organs of a 
purely passive nature, cannot be attri- 
buted to either cause. 

Typical analogy is comparatively rare 
in the animal kingdom, a circumstance 
which, among other reasons, apparently 
induced Gegenbaur to abandon this prin- 
ciple as a method of research in compara- 
tive anatomy. There is, however, another 
kind of parallelism of organic structure 
which is much more frequently encoun- 
tered, and which was formerly considered 
a category of analogy. This parallelism is 
not of a secondary nature, as is analogy, 
but represents a primary morphological 
phenomenon which has its origin in the 
fundamental morphogenetic capacities 
and limitations of living matter. It is 
therefore dependent chiefly on the inter- 
nal properties of organisms, that is, on 
those highly complex reactions which 
take place, on the one hand, between the 
component parts of the organism and, on 


the other hand, between the organism 
and its environment. For this third kind 
of parallelism, as distinct from both an- 
alogy and homology, I have proposed the 
term homomorphism or homomorphy. 
The principle of homomorphism has a 
certain relation to the term “orthogenesis” 
introduced by Eimer. Both phenomena 
are dependent on the properties of the or- 
ganism itself and not on those of its envi- 
ronment. But orthogenesis designates the 
tendency of organisms to develop phylo- 
genetically in a definite direction, whereas 
the essential point of the concept of homo- 
morphism is that the representatives of 
widely separated phyla of animals and 
plants possess similar organs which have 
undergone parallel evolution. Thus regu- 
larity of form arises independently both of 
blood relationship and of environment. 
From the point of view of genetics we 
can best conceive of the difference be- 
tween the three kinds of parallelism in 
the following manner. Homologous or- 
gans are formed through basically similar 
developmental processes controlled by 
gene complexes somewhat modified from 
that of their common ancestor. Thus, 
when considering the appendicular skele- 
tons in different classes of vertebrates, it 
can be assumed that the set of genes 
which controls the development of the fin 
of a bony fish, the wing of a bird, or the 
leg of a mammal has each diverged in the 
course of time from the set of genes which 
controlled the development of the fin in 
their common piscine ancestor. In physio- 
logical or functional analogy, on the other 
hand, sets of genes in wholly unrelated or- 
ganisms, which control radically different 
developmental processes, are altered in 
the course of time so that the function and 
shape of the resulting organs converge. 
Thus, in the example of the mole and mole 
cricket, the entirely different sets of genes 
controlling the development of the insect 
leg and the mammal leg have been much 
modified from their respective ancestral 
conditions as the phenotypes were se- 
lected to perform similar functions. The 
nature of the hereditary basis of homo- 
morphic similarities is more difficult to 
comprehend. The possibility might be 
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considered that even in very dissimilar 
phyla, organisms have sufficient genes in 
common so that the selection of parallel 
mutations might produce phenotypic sim- 
ilarities. As a result, organs of identical 
form would be found in representatives 
of different phyla. It is, however, difficult 
to believe that the eyes of animals so dis- 
similar as coelenterates, arthropods, and 
chordates, could be controlled by homolo- 
gous genes. And yet there is a striking 
resemblance among these organs, both in 
general form and in details of structure. 

The phenomenon of homomorphism 
cannot be directly connected with func- 
tion nor with adaptation to the environ- 
ment: many homomorphic organs appear 
not to play similar roles in the economy of 
the animals that bear them. Thus, we can 
easily comprehend the necessity for the 
complex structure of the compound eyes 
of insects, the functional perfection of 
which is in marvelous harmony with the 
rapidity of flight in these animals. Less 
comprehensible from the _ physiological 
point of view is the perfection of the same 
kind of eye in the crayfish which habitu- 
ally lives in semidarkness and moves 
much more slowly than most insects. But 
it is quite incomprehensible why in cer- 
tain almost motionless molluscs, as for in- 
stance Arca Noae, several hundred equally 
elaborate compound eyes should have de- 
veloped on the edge of the mantle. As the 
stimuli from these photoreceptors only 
effect the closing of the shell, such an ar- 
rangement appears to be too complicated, 
too prodigal. (Similar discrepancy be- 
tween form and function is dealt with in 
an extensive treatise by Prof. Rabaud 
(1925). He cites, as an interesting exam- 
ple, the grasping appendages with which 
certain predacious arthropods catch their 
prey, as in the mantids; yet appendages 
of precisely the same shape develop in 
many purely phytophagous insects, to 
which they must be quite useless.) Homo- 
morphism is probably a reflection of the 
inability of living matter to form efficient 
organs of specified function (photorecep- 
tion, for example) in more than a limited 
number of ways. 

Although the concepts of homology and 


analogy are fundamentally different in 
principle, in practice it is often difficult to 
determine with which one we are con- 
cerned. Sometimes it is even more diffi- 
cult to decide whether a given phenom- 
enon should be classed as homomorphous 
or as belonging to one of the other two 
categories of parallelism. It may be said 
that the chief factor in homology is of a 
phylogenetic, in analogy of a physiological, 
and in homomorphism of a purely mor- 
phological nature. 

In the charts which I have prepared to 
illustrate the general morphogenetic regu- 
larity of development, the phenomena of 
homology, analogy, and homomorphism 
are not grouped under separate headings, 
but the last-mentioned category undoubt- 
edly predominates. This can be shown 
more clearly by the following example. 
Under the influence of the brilliant suc- 
cess of Darwin’s theory of evolution, an 
attempt was made to classify the com- 
pound eyes in annelids, molluscs, and ar- 
thropods as homologous organs, alleging 
the descent of these three phyla from a 
common ancestor. However, the careful 
investigations by Plate (1922) have made 
it abundantly clear that these organs of 
sight—even within the arthropods alone 
—could have been derived from three or 
four different ancestral types. In my opin- 
ion, this is a clear indication that these 
organs are homomorphous. 

In my introductory remarks I men- 
tioned that Gegenbaur had limited com- 
parative anatomical research solely to the 
historical aspect. The method of investi- 
gation of homomorphism is quite different, 
as it involves the classification of organic 
forms in accordance with their basic spa- 
tial patterns. This I have called the “typo- 
logical” method. It could be said that the 
study of homology is chiefly concerned 
with the concept of time, while that of 
homomorphism is concerned with space. 

There is another purely formal conse- 
quence of the introduction of the “typo- 
logical” method into comparative anatom- 
ical research. The historical method rec- 
ommended by Gegenbaur and his school 
is practicable chiefly within the limits of 
cohesive, more or less extensive, groups 








62 


SYSTEMATIC ZOOLOGY 





of animals. Within these limits, admit- 
tedly, this method has led to excellent 
results, as, for example, the determination 
of the gradual formation of the one-toed 
foot of the modern horse from the five- 
toed appendage of its fossil ancestor. The 
success of the “typological” method, on 
the other hand, is based on the fact that 
these investigations are not restricted to 
a few groups of organisms, but can extend 
to the entire animal (or plant) kingdom, 
with all the countless varieties of living 
and extinct forms. From this diversity 
typical forms are singled out to illustrate 
the morphogenetic regularity. This sci- 
ence, which concerns itself with organic 
form, should properly be designated as 
comparative morphology. 

It is to be hoped that the combined ap- 
plication of the historical and the ‘“typo- 
logical” methods will prove useful and 
appropriate in comparative morphology. 
This will enable us to penetrate further 
into the mystery surrounding the origin 
of the various shapes of the organs in 
living beings, and will also contribute to 
the systematisation of our knowledge in 
regard to the inexhaustible diversity of 
organic forms. 
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The Systematics of Vertebrate Larvae 


2 interpretation of the larval char- 
acteristics of the fishes and amphib- 
ians in terms of systematics and evolu- 
tion presents many challenging problems. 
For many years, studies on early develop- 
mental stages were guided by the idea 
that larval characters have an ancestral, 
recapitulative significance, or by the be- 
lief that they are secondary adaptations 
with little or no evolutionary importance. 
Neither theory is adequate from the stand- 
point of systematics, and together they 
have somewhat hampered effective use of 
larval data by taxonomists. A third and 
more significant concept, based on princi- 
ples formulated by Von Baer in the 1800s, 
has gained prominence in recent years 
through the work of de Beer and others. 
It emphasizes comparative studies on 
equivalent growth stages of different spe- 
cies, and provides a much sounder basis 
for interpreting developmental character- 
istics in terms of systematics and evolu- 
tion. 

The larval stage may serve different 
ecological functions in different animals. 
A suitably adapted larva may enable a 
species to succeed in a region that might 
otherwise be closed to it—a conspicuous 
factor in the distribution of many frogs. A 
pelagic larva may be the major dispersal 
stage in many marine fishes having slug- 
gish or strongly territorial adults, parallel- 
ing a well-known life-history pattern in 
the invertebrates. It is often suggested 
that inadequate provision for embryonic 
nutrition is the primary factor governing 
the occurrence of a larval stage. Whatever 
the “reason” for its establishment in the 
ontogeny may be, the larva is subject to 
the operation of genetic evolutionary pro- 
cesses, like any other developmental stage, 
since all growth stages of the individual 
are under the control of a single genetic 
system. 
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The same basic procedures of system- 
atics are applied to both larval and adult 
stages. These procedures include the anal- 
ysis of variation and the study of differ- 
ences and of resemblances between species 
and groups; and the interpretation of the 
basic data in terms of the primary trends 
of phylogeny and of secondary phenomena 
of adaptive radiation, convergence, “rec- 
tilinear” trends, and other patterns of evo- 
lution, at all systematic levels. 


Larval Types in Fishes and Amphibians 


The types of larvae that characterize 
different groups of fishes and amphibians 
differ widely in their basic characteristics, 
in the secondary specializations they may 
undergo, and in the nature of their met- 
amorphosis. 

The extant amphibians, comprising 
about 2500 forms, are classified in three 
orders (Fig. 1). In the salamanders (or- 
der Caudata) and caecilians (order 
Apoda) the larva is of simple structure, 
and differs from the adult chiefly in the 
gill-arch system; other larval characters 
are usually relatively minor and incon- 
spicuous. In the frogs (order Salientia), 
larva and adult differ profoundly in many 
conspicuous characters, and there is a 
complex metamorphosis. The ecological 
and physiological aspects of transforma- 
tion from aquatic larva to terrestrial adult 
in the amphibians have attracted wide 
attention. The emphasis on metamorpho- 
sis as an adaptive adjustment that is uni- 
formly characteristic of the group has 
probably tended to divert attention from 
the extensive and complex differences be- 
tween kinds of larvae. 

In number of extant forms, fishes out- 
number amphibians by perhaps 10 to 1. 
A very wide range of different evolution- 
ary stocks is usually included under the 
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general category of fishes—the agnathous 
groups, the elasmobranchs and related 
lines, the primitive bony fishes, including 
the ancestral stock of the amphibians, and 
the complex and diversified teleost lines. 
These widely divergent groups show im- 
portant differences in developmental char- 
acteristics that warrant more extensive 
taxonomic study and interpretation. 

Larval characters and their metamor- 
phic changes present somewhat different 
problems in fishes and in amphibians. 
Fishes lack the spectacular ecological 
transition from water to land. Their gill ap- 
paratus and other aquatic equipment are 
retained throughout life, and their larval 
characters and metamorphic changes are 
usually more subtle than in the amphib- 
ians. But many fishes, particularly in the 
sea, do undergo a very abrupt ecological 
and morphological transformation from a 
pelagic larva to a bottom- or crevice-in- 
habiting adult. 
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Diagrams of adult and larval body form in the three orders of living amphibians. 


There are various types of larval charac- 
ters in fishes. External gills develop in the 
young of certain lungfishes and a few 
other, chiefly primitive, groups. Adhesive 
mechanisms are found in some newly 
hatched larvae, especially of fresh-water 
species. Many pelagic marine larvae de- 
velop some type of flotational mechanism 
(Fig. 2). These modifications include hy- 
pertrophied fins or finrays (Lophius, and 
many others), long spines on the body 
( Molidae), “ballooning” of the skin (cera- 
tioids, some scorpaenids, etc.), or gelati- 
nous dilution of the muscular tissue (lep- 
tocephalus larvae of eels and clupeoids). 
Many teleosts are characterized more by 
delay in development of adult form than 
by special larval structures. But even 


these species commonly have a definite 
and more or less prolonged larval stage 
(Fig. 3), characterized by distinctive early 
phases in the development of morphologi- 
cal structures and pigmentation. 
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Fic. 2. Five larval fishes with specialized flotational mechanisms, and a generalized larva 


(Sphyraena, barracuda) for comparison. 


Specialized types of larval fishes are 
sometimes designated by special names, 
e.g., the ammocetes larva of lampreys and 
the leptocephalus larva of eels and clu- 
peoid fishes. Most of these larval names 
are carry-overs from the time when such 
forms were thought to be distinct taxo- 
nomic entities. 


Specialized Patterns of Development 


The addition of a free-living larval stage 
to the life cycle has led to many spe- 
cialized types of development, including 
neoteny and secondary direct develop- 
ment. Although these two have opposite 
results, it is convenient to discuss them 
together, since the effect in each case is 
the more or less complete elimination of 
a developmental stage from the life cycle. 
Neoteny eliminates the former adult stage, 


and direct development disposes. of the 
larva. 

Neotenic animals mature reproductively 
while they retain some or all of the larval 
characters. In the salamanders, larval 
characters are relatively simple, and 
transformation involves few changes or 
functional interruptions that critically en- 
danger the immediate survival of the indi- 
vidual. Transitional stages are not neces- 
sarily at a serious disadvantage, and 
indeed the neotenic species differ widely 
in the degree to which they complete the 
change from larva to adult. Furthermore, 
some species are neotenic only under cer- 
tain ecological or physiological conditions. 
Neoteny is sufficiently widespread in sala- 
manders to introduce an important com- 
plication in taxonomy. In some families 
all or most species transform completely, 
and these families are defined on the basis 
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D 
Fic. 3. Larvae of some Pacific Coast fishes 
showing variation in proportions and in pig- 
mentation, characters used in the identifica- 
tion of larval fishes. A, Pacific sardine, Sar- 
dinops caerulea, Clupeidae; B, California hali- 
but, Paralichthys californicus, Bothidae; C, 
Sefiorita, Oryjulis californica, Labridae; D, 
California bonito, Sarda lineolata, Cybiidae. 


of standard adult characters. But the sev- 
eral families that contain only neotenic 
species are necessarily defined on the basis 
of larval or transitional characters. When 
only a few such forms were known, neo- 
tenic salamanders were widely thought to 
be more primitive, in a recapitulative 
sense, than forms that undergo a normal 
metamorphosis. Newer understanding of 
the role of developmental characteristics 
in evolution and of the independent occur- 
rence of neoteny in unrelated stocks has 
helped to clarify the classification of the 
main groups of salamanders. 

In the frogs, metamorphosis is a critical 
period for the survival of the individual, 
for the differences between larva and adult 
are extreme. The changes include drastic 
shortening of the digestive tract and re- 
organization of the entire jaw region, as 
well as the more obvious loss of the gills 
and tail. Rapid completion of this vulner- 
able period is advantageous both to the 
individual and to the species. The change 


is probably an “all or none” process, for 
transitional stages are apparently incapa- 
ble of feeding and are poorly adapted for 
prolonged survival. The apparent absence 
of neoteny in the frogs is perhaps associ- 
ated with the extreme complexity of larval 
anatomy in this group. 

Neoteny is apparently rare in fishes 
(fortunately, for the taxonomist), and it 
probably lacks a strong selective or com- 
petitive advantage in this highly diversi- 
fied group. Since larval characters and 
metamorphic changes are relatively sim- 
ple in most fishes, the criteria of neoteny 
in this group are somewhat subjective. 
Neoteny in fishes, as in the salamanders, 
occurs in various gradations and at var- 
ious taxonomic levels. Certain populations 
of Osmerus mordax mature when small 
and transparent, only slightly if at all ad- 
vanced beyond the postlarval stage; some 
of the small, transparent, pelagic species 
of gobies are neotenic; the Salangidae are 
neotenic salmonoids; the tiny pelagic 
fishes of the genus Schindleria are neo- 
tenic postlarvae of uncertain ordinal re- 
lationships. 

In some groups that normally have a 
larval stage, direct development is a sec- 
ondary specialization. It is widespread in 
amphibians, especially in the frogs, where 
it has appeared independently in repre- 
sentatives of nearly every family. In frogs 
that have heavily yolked eggs and terres- 
trial breeding habits, the larva may be 
more or less completely lost, in the ecolog- 
ical sense, but in all known examples 
there is still some anatomical indication of 
a larval stage (Fig. 4). In many of these 
species the embryo is a very completely 
equipped tadpole for a brief period. These 
highly modified terrestrial embryos often 
have useful taxonomic characters. The 
unique peltate gills of embryos of the 
“marsupial” treefrogs (Gastrotheca and 
related genera of the Hylidae) are a good 
example. 

The two main groups of cyclostomes, 
the lampreys and hagfishes, differ greatly 
not only in anatomy but also in type of life 
history. The lampreys have small eggs, a 
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Fic. 4. Larval structures in embryos of some species of frogs that lack a free-living larval 
stage. Peltate gills of Hemiphractus form thin sheets completely enveloping embryo, but are 


here shown folded back to reveal gill stalks. 


larval stage, and metamorphosis; the hag- 
fishes have large eggs and direct develop- 
ment. With a few poorly known excep- 
tions, the elasmobranch fishes have heav- 
ily yolked eggs or some provision for uter- 
ine nutrition, and the newborn young are 
relatively large and closely resemble the 
adults. Among the teleost fishes there is a 
complicated maze of developmental pat- 
terns that are greatly in need of taxo- 
nomic study. Most species have small yolk 
reserves and hatch in an embryonic condi- 
tion (Fig. 5, upper two larvae), as do most 
amphibians. Other fishes have a larger 
yolk supply, and a greater amount of de- 
velopment is completed before hatching 
(Fig. 5, lower two larvae). The eyes and 
jaws may be functional and the pectoral 
fins present (silversides, Atherinidae); 
even the caudal fin and the pelvic buds 
may be present (flyingfishes, Exocoeti- 
dae). In some groups, notably the sal- 
monids, not only is development far ad- 
vanced at hatching, but the yolk reserve 
is very large and during its gradual ab- 








Fic. 5. Differences in morphological char- 
acters, pigmentation, and yolk reserves in the 
newly hatched larvae of some California ma- 

*rine fishes. A, Opaleye, Girella nigricans, Gir- 
ellidae; B, Senorita, Oryjulis californica, Lab- 
ridae; C. Grunion, Leuresthes tenuis, Atherini- 
dae; D, California flyingfish, Cypselurus cali- 
fornicus, Exocoetidae. 
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sorption development is carried forward 
to the juvenile stage. This specialized 
type of larva is commonly termed an ale- 
vin. Many teleosts, of widely divergent 
relationships, are live-bearing, and their 
developmental patterns show very useful 
taxonomic characters. For example, the 
structure of the trophotaeniae (nutritive 
rectal processes of the embryo) is now 
used as a major basis for the classification 
of the cyprinodont family Goodeidae 
(Turner, 1937; Hubbs and Turner, 1939), 
displacing tooth structure, which is sub- 
ject to much convergence and had led to 
an erroneous Classification. 


Larval Characters As Indicators of Rela- 
tionship 


Basic anatomical characteristics that are 
shared by larva and adult (e.g., number of 
vertebrae) can be expected to follow 
closely co-ordinated evolutionary trends, 
for in general a major change in this type 
of character registers in both stages. But 
characters that are expressed in only one 
stage (e.g., horny beaks of tadpoles) may 
undergo evolutionary modifications that 
appear only in that stage. In such charac- 
ters, larva and adult may undergo exten- 
sive independent evolution. Larvae can 
be expected to combine stable characters 
that vary in close accordance with the 
main categories of adult classification, 
with more plastic characters that undergo 
independent secondary modifications. The 
secondary trends may be so conspicuous 
and complex as to mask the more funda- 
mental changes. 

Frog tadpoles are notoriously difficult to 
identify. Their characters are highly 
specialized, and the seemingly unlimited 
variation shows little organization on pre- 
liminary study. The information now 
available, however, indicates that the vari- 
ations and specializations fall into a simple 
evolutionary pattern of the kind revealed 
by a study of the adult stages of almost 
any group of animals, and explainable by 
the same principles. 

Although many of the conspicuous lar- 


val characters are excessively variable, 
others are remarkably uniform through- 
out large taxonomic groups, regardless of 
how specialized the tadpole may be in 
gross appearance and in habits. On the 
basis of very conservative features of both 
internal and external anatomy, all of the 
nearly 600 kinds of tadpoles known to me 
either from original study or from pub- 
lished data can be grouped into four stable 
types (Fig. 6), each restricted to a family 
or a group of families (Orton, ms.). Some 
of the characters are briefly summarized 
here. Three of the types characterize the 
more primitive groups of families (as 
based on adult characters), which contain 
relatively few species. The fourth and 
most specialized larval type is numerically 
dominant, for it characterizes all of the 
more modern, and generally larger, fam- 
ilies. 

The first type characterizes the Pipidae 
and Rhinophrynidae, and is considered 
the most primitive, for it is the simplest 
and most nearly resembles larvae of other 
vertebrates. The spiracle (an opercular 
structure, not the hyoidean spiracle of 
fishes) is paired, and the right and left 
gill chambers are entirely separate. The 
mouth is a simple slit with narrow labial 
folds. The internal anatomy of the jaw re- 
gion is relatively simple; notably, Meckel’s 
cartilage is long and supports the entire 
lower jaw. The second and third types 
of tadpoles have a single midventral spi- 
racle, draining both gill chambers. The 
second type characterizes the Microhy- 
lidae, a family of specialized frogs of un- 
certain relationships. Their larval charac- 
ters, though not yet adequately under- 
stood, suggest that the family diverged at 
a much more primitive level than is com- 
monly thought. The mouthparts of micro- 
hylids are more complex than in the pipid 
type, but are still comparatively simple. 
The basic characters of the mouthparts 
are constant in all microhylids so far as 
known, though these larvae vary some- 
what in feeding habits and include at 
least one carnivorous form. The third 
larval type, characterizing the Discoglossi- 
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Fic. 6. Ventral views and mouthparts of 
acters of each. Generalized diagrams. 


dae and Ascaphidae, has elaborate mouth- 
parts, including wide lips, horny beaks, 
and labial teeth in transverse rows, all or 
most of which develop more than one line 
of teeth per tooth ridge. The jaw carti- 
lages and their musculature are complexly 
differentiated. In the fourth type the spi- 
racle is single and asymmetrical, on the 
left side, and drains both gill chambers. 
The highly differentiated mouthparts are 
similar to the third type, but differ in hav- 
ing the labial teeth in single rows (with 
rare exceptions); certain internal charac- 
ters also differ. 

Because of the well-recognized need for 
caution against relying too heavily on “nu- 
tritional” characters in classification, em- 
phasis has been accorded study of the in- 
ternal anatomy of larvae that are highly 
modified for unusual habits or ecological 





ee 








ws 
»¥ 
ww © 





TYPE 3 TYPE F 


basic types of tadpoles, to show external char- 


situations. The many variations and pe- 
culiar specializations found thus far in 
such larvae all fall within the framework 
of the basic types. 

Each of the basic types probably repre- 
sents the condition of the larval stage at a 
major level of evolution. Neither the lar- 
val types nor the groups of adult frogs 
can be arranged in a linear phylogenetic 
sequence. Evolution has unquestionably 
been elaborately radiative in the frogs, as 
in other animals, and important evolution- 
ary stages have certainly been lost by ex- 
tinction during the long history of the 
group. 

Within each of the four basic larval 
types there are well-defined secondary 
trends that illustrate adaptive radiation 
and convergence just as clearly as these 
principles are shown in adult stages. 
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In patterns of adaptive radiation, the 
larvae of a taxonomic unit share certain 
major characters, but in other respects 
they show divergent modifications that 
adapt them to different ecological condi- 
tions or different ways of life (Fig. 7). No 
matter how diverse in superficial appear- 
ance, however, they retain basic charac- 
ters indicative of their relationship. The 
adaptive types include deep-bodied, high- 
finned nektonic larvae; mountain-stream 
larvae with an enlarged, flattened snout, 
huge vacuum-cup mouthparts, and heavy 
axial musculature; carnivorous forms with 
hypertrophied beaks and jaw muscles; 
thin, flattened larvae that live in brome- 
liads and other restricted arboreal aquatic 
niches; forms with mouthparts upturned 
for surface- feeding; and specialized em- 
bryos with direct development. There is 
evidence that adaptive radiation has oc- 
curred repeatedly in tadpoles. It is shown 
at the level of each of the four basic types, 
within most of the families, and within 
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some of the larger and better-known gen- 
era (notably Hyla and Rana). 

In convergent evolution, larvae of dif- 
ferent taxonomic groups secondarily and 
independently develop a common adaptive 
type. Although they may be strikingly 
similar in superficial respects, they retain 
the basic characters that reveal their di- 
verse origins. Convergent evolution is 
conspicuously shown in several larval 
modifications. For example, mountain- 
brook larvae that look much alike (Fig. 8) 
have evolved independently in at least six 
of the approximately thirteen families of 
frogs. Surface-feeding larvae of strikingly 
similar appearance (Fig. 9) are known in 
four families. There are examples of di- 
rect development in nearly all families. 

Larval fishes also show abundant evi- 
dence of variability, species differences, 
and group resemblances. Modifications in 
larval and other developmental character- 
istics have unquestionably followed stand- 
ard patterns of evolution in fishes, as in 
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Fic. 7. Adaptive radiation in tadpoles. 
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Fic. 8. Convergent evolution in tadpoles of swift streams. 


the frogs. The problem of working out 
and interpreting these developmental 
characters and trends is one of the fron- 
tier areas of systematic ichthyology. 


Origin of New Larval Types 


The highly complex nature of the frog 
tadpole, in contrast to other known types 
of amphibian larvae, presents a problem 
in larval systematics at the ordinal level. 
The few known larvae of extinct groups 
of amphibians were very generalized. In 
fundamental form, though of course not 
in details, they closely resembled the lar- 
vae of present-day salamanders. The 
jaws were long, with simple functional 
arrangement, the body was relatively 
long, and the limbs and girdles were of 
simple proportions. Some fossils show 
evidence of external gills. The earliest 
amphibians and the primitive crossop- 
terygian stock from which they arose 
probably shared this very generalized 
larval type (or something essentially 
similar to it), with a minimum of special 
larval structures and a simple metamor- 


phosis. The very long persistence of the 
simple larva suggests that it has great 
stability. The present-day lungfishes and 
salamanders still retain the essential fea- 
tures of this primitive larval type, 
though they are only remotely and in- 
directly related to each other. 

The frog tadpole contrasts sharply with 
the primitive larva in having a unique 
combination of distinctive characters. It 
has a short compact head-body unit, sup- 
ported by a very short vertebral column, 
and sharply demarcated from the long tail. 
The gills and front leg buds are concealed 
under a closed operculum that retains one 
or two small excurrent openings. The 
mouth is small and usually has elaborate 
external parts; its internal parts are 
greatly modified and displaced far for- 
ward. The intestine is spirally coiled and 
is usually very long. The highly special- 
ized plan of the frog tadpole is most com- 
monly explained as an adaptation for vege- 
tarian or scavenger habits, in contrast to 
the carnivorous habits of the adult. Car- 
nivorous habits do, however, characterize 
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a few tadpoles, e.g., those of the Rana 
rugulosa group, but such larvae retain and 
even further specialize the elaborate char- 
acters of their taxonomic group. They 
show no simplification or basic changes of 
structural plan such as one might expect 
if complex mouthparts were directly cor- 
related with adaptation to vegetarian hab- 
its. Larval anatomy suggests that vege- 
tarian habits: may be a subordinate char- 
acter, and that a very different primary 
factor governs the larval type in the frogs. 
The larval and adult stages differ sharply 
in most respects, but they do share some 
of the specializations that place the Salien- 
tia well apart from all other known am- 
phibians. Above all, both tadpole and frog 
have the vertebrae excessively reduced in 
number (only 6 to 9 presacrals) without 
a compensating increase in the length of 
the individual elements. The shortening 
of the vertebral column is so fundamental 
that the change almost certainly evolved 
simultaneously in both stages. 

Larva and adult have compensated for 
reduction in the length of the vertebral 
column by very different anatomical ad- 
justments (Fig. 10). In the frog the pre- 


sacral vertebrae occupy only about half 
the length of the trunk. The minimum 
space necessary for the viscera has been 
retained by extending the body cavity 
backward beyond the sacral region. This 
posterior extension is supported by three 
bones: the two greatly elongated, horizon- 
tal ilia, and the median urostyle, a caudal 
element transferred into the body. The 
enlarged hind legs and jumping habits of 
the frog are commonly considered primary 
characters, but it is more likely that they 
evolved as secondary concomitants of the 
trend toward excessive shortening of the 
vertebral column, with its decreased body 
flexibility and loss of the tail as a loco- 
motor or balancing organ. Space adjust- 
ments in the tadpole have been accom- 
plished by excessive displacement and 
crowding of structures, especially by the 
forward shift and reorganization of the 
jaws and gill-arch system, and by dis- 
placement of the forelegs and their con- 
cealment with the gills under the modified 
operculum. The gill-raker system is usu- 
ally large and elaborate. Its actual use as 
a filter-feeding device in many tadpoles, 
especially pipids and microhylids, suggests 
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Fic. 9. Convergent evolution in surface-feeding tadpoles. 
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Fic. 10. Diagrams to illustrate theory that displacement of structures in frog tadpole, and 
skeletal peculiarities of adult frog, are correlated primarily with phyletic shortening of ver- 


tebral column. 


that the transitional larval types were 
probably plankton-feeders. The more 
modern of the extant types have hard 
beaks and grasping labial teeth, and are 
most commonly herbivorous or feed pri- 
marily by chewing on miscellaneous or- 
ganic material. The enlargement of the di- 
gestive tract to accommodate vegetarian 
habits has led to still further crowding of 
the shortened body cavity. 

The known fossil record is of little di- 
rect assistance in tracing the origin and 
evolution of the frog tadpole. But the 
theory that the shortening of the verte- 
bral column was the basic factor in the 
origin of this type of larva can account 
for all of its chief distinguishing fea- 
tures, and the theory correlates major 
events in both larval and adult evolution. 
Larval and transitional stages of the Tri- 
assic Protobatrachus could provide crit- 
ical evidence bearing on the problem, 
but this very primitive pre-frog is still 
known from a single adult specimen. 


A trend toward excessive shortening 
of the vertebral column could lead to 
rapid extinction if the group lacked suf- 
ficient genetic adaptability to permit the 
evolution of compensating trends. In the 
frogs, the larval and adult stages, as a 
co-ordinated unit, succeeded in establish- 
ing a very distinctive new anatomical 
plan, a starting point for an evolutionary 
radiation that is unusually rich in new 
taxonomic characters. Although the frogs 
are now a very old group, the wide distri- 
bution and great diversity of specialized 
types that they still maintain (in both 
larval and adult stages) mark them as a 
highly successful evolutionary “accident.” 

Larval stages may have had an impor- 
tant role in the early history of still 
higher categories. Several authors, includ- 
ing Garstang, de Beer, Romer, and Greg- 
ory, have contributed in various ways to 
the theory that the entire phylum Chor- 
data may have been established by ne- 
oteny from some stock in which the larva 
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was the active stage and possessed the 
notochord and somites as larval speciali- 
zations for the support and function of the 
tail. The adult stage was perhaps sluggish 
or even sessile. The branchial basket 
probably functioned originally (in both 
stages) as a food-filtering apparatus and 
only later became remodeled for respira- 
tory purposes, after the function of food- 
snatching had been taken over by jaws. 


Summary 


A study of the larval stages of fishes 
and amphibians reveals much important 
data on their systematics and evolution. 
Standard methods and theories of mod- 
ern systematic zoology can be applied di- 
rectly to the interpretation of larval char- 
acteristics. Both larvae and adults show 
variability, species differences, and group 
resemblances. In both stages, one can 
demonstrate primary trends indicating 
major relationships and secondary trends 
involving adaptive radiation, convergence, 
and other evolutionary phenomena. Basic 
characters of anatomy that are shared by 
larva and adult (e.g., number of verte- 
brae) can be expected to follow closely 
co-ordinated evolutionary trends, for in 
general a major change in this type of 
character registers in both stages. But 
characters that are expressed in only one 
stage (e.g., horny beaks of tadpoles) un- 
dergo evolutionary modifications that ap- 
pear only in that stage, and in such char- 
acters larva and adult can undergo ex- 
tensive independent evolution. Larvae can 
be expected to combine conservative char- 
acters that vary in close accord with the 
main categories of adult classification, 
with more plastic characters that undergo 
independent secondary modifications. The 
secondary trends may be so conspicuous 
and complex as to mask the more funda- 
mental changes. 

These general principles are illustrated 
particularly well in the tadpole stage of 
the frogs. Indeed, the picture is so clear- 
cut in this group that it provides an ex- 
cellent small-scale working model for the 


study of the vastly more complex larval 
problems of the fishes. On the basis of 
very conservative features of both inter- 
nal and external anatomy, known tad- 
poles fall into four types, each restricted 
to a family or a group of families. Each 
of these basic types probably represents 
the condition of the larval stage at a 
major level of evolution. Within each type 
there are well-defined secondary trends, 
especially of adaptive radiation and con- 
vergent evolution. There is evidence that 
these trends have evolved repeatedly in 
tadpoles. They are shown not only at the 
level of each of the four basic types, but 
also within most families and within some 
of the larger and better-known genera. 
Other specialized life-history patterns, 
such as neoteny and secondary direct de- 
velopment, have also evolved indepen- 
dently in unrelated stocks. 

The highly complex frog tadpole con- 
trasts sharply with other known types of 
amphibian larvae and with larval fishes, 
and its interpretation is a major problem 
in larval systematics. It is suggested that 
the peculiar combination of characters of 
the frog tadpole originated as an adjust- 
ment to acute internal space limitations 
resulting from the extreme shortening of 
the vertebral column. The origin of the 
tadpole type of larva is thus considered to 
be an integral phase of the origin of the 
order Salientia. 

Larval stages may have had an impor- 
tant role in the early history of still higher 
categories. It is now rather widely 
thought that the entire phylum Chordata 
may have originated by neoteny from 
some stock in which the notochord and 
somites had been larval characters. 
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An Application of Factor Analysis to 
the Systematics of Kalotermes 


CLYDE P. STROUD 


ULTIPLE factor analysis, as devel- 

oped chiefly by Thurstone (1931, 
1945a), is a general method which can be 
adapted to a wide variety of problems. 
Like other forms of multivariate analysis 
it constitutes a method for the examina- 
tion of complex sets of phenomena, ex- 
pressed either in terms of experimental or 
nonexperimental data, in an attempt to ac- 
count for most of the variance of the ob- 
served values in terms of a restricted num- 
ber of underlying parameters, factors, or 
explanatory concepts. It is particularly 
useful as an exploratory method for the 
investigation of certain kinds of complex 
domains, especially where one or more of 
the following conditions prevails: (1) the 
underlying causes are unknown; (2) the 
underlying causes cannot be controlled; 
(3) the underlying causes are very nu- 
merous; (4) the basic question of the in- 
vestigation tacitly forbids any alteration 
of the underlying causes. 

This method stands in an intermediate 
position between two extremes of multi- 
variate analysis. On the one hand the ob- 
ject of analysis may be maximum parsi- 
mony of description in terms of wholly 
arbitrary parameters, such as the princi- 
pal axis method as developed by Hotel- 
ling and others. At the other extreme is 
the method of path coefficients as devel- 
oped by Wright (1918, 1921, 1923, 1932, 
1934), which permits a great deal of free- 
dom in the introduction of hypotheses 
based on knowledge additional to that 
included in the table of correlations of 
the variables. 

Multiple factor analysis differs from 
purely statistical methods in that it does 
not always involve the same set of as- 
sumptions as do the usual statistical 


models, and in that there have not been 
developed, as yet, adequate methods of es- 
tablishing degree of confidence in the find- 
ings obtained. Discoveries made by mul- 
tiple factor analysis could be related to 
statements of reliability in either of two 
ways. In some cases findings could be 
subjected after discovery to more refined 
statistical techniques which can establish 
reliabilities. It is also possible that in 
many applications, assumptions basic to 
statistics could be made at the outset and 
appropriate sampling error criteria ap- 
plied. It is hoped that a further relation 
of multiple factor analysis to statistics 
can be developed. 

In favor of multiple factor analysis it 
must be said that it is a comparatively 
easy method of obtaining exploratory in- 
formation of a semireliable nature about 
many kinds of complex phenomena. The 
addition of techniques to establish state- 
ments of reliability would doubtless 
greatly increase the work involved in an 
analysis. Whether they are to be applied 
directly with the factor analysis, applied 
afterwards to verify the results of the 
analysis, or not applied at all, is a judge- 
ment to be made in terms of the nature of 
the problem at hand. A characteristic of 
multiple factor analysis which makes it 
particularly useful for certain types of 
studies and less useful for other types is 
that it employs a standard set of simple as- 
sumptions in all applications, and derives 
its findings from the coefficients of correla- 
tion alone. Only in the interpretation of 
the findings are data extraneous to the cor- 
relations introduced. 

Some facets of the central problem of 
systematic biology—which may be defined 
as the relation of organisms to each other 
—lend themselves remarkably well to 
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investigation using a method such as mul- 
tiple factor analysis. Four kinds of infor- 
mation are developed relative to this 
problem: (1) organisms are assigned to 
categories corresponding as closely as pos- 
sible to their phylogenetic relationships; 
(2) characters are evaluated with regard 
to their relations to each other and their 
reliabilities as indices of closeness of kin; 
(3) phylogenies or historical lines of de- 
scent are discovered and related to the cat- 
egories and characters of organisms; (4) 
the evolutionary processes are studied in 
relation to characters which define cate- 
gories and to phylogenies which generate 
categories. Multiple factor analysis can 
make substantial contributions to the or- 
ganization and integration of all these 
four related kinds of information. 


Materials and Methods 


The material studied in the present 
work consisted of specimens of more than 
fifty species of termites belonging to the 
genus Kalotermes. This is the most prim- 
itive living genus of the family Kalotermi- 
tidae, which contains eight other genera. 
The kalotermitids are a primitive family 
of termites remotely related to the more 
primitive family Mastotermitidae, repre- 
sented today only by a single Australian 
species (Ahmad, 1950). The chief crite- 
rion of primitiveness here is the possession 
of blattoid characteristics, since the evi- 
dence for the descent of the termites from 
primitive cockroaches is very clear and 
probably irrefutable. 

In addition to the possession of blattoid 
characteristics, the genus Kalotermes 
shows its primitive aspects in other ways. 
It is a group in which many species show 
such a wide range of individual variation 
that specific characters are often difficult 
to ascertain reliably. Characters involving 
serially replicated components are highly 
variable. The number of such elements is 
usually relatively large and variable, and 
they show relatively little differential spe- 
cialization among themselves. 

Measurements were made on soldiers 


(usually a single specimen) of each of 48 
species of this genus, and on imagoes of 
43 species. Because of the time consumed 
in making accurate measurements and in 
dealing with the additional analytical 
problems involved, the element of indi- 
vidual variation within a species was not 
studied by measurements of a large num- 
ber of individuals of those species for 
which they were available. However, for 
two species, K. snyderi and K. immigrans, 
two soldier specimens of each species 
were measured, and the results give some 
hint of the relationship of individual vari- 
ation to the study. Variation within the 
species should be investigated by a com- 
bination of the techniques of analysis of 
variance and of covariance with the factor 
analytical methods of the present study. 
Each specimen was measured for an 
array of fourteen characters. The choice 
of characters was made in such a way that 
homologous dimensions of soldier and 
imago anatomy were measured. The meas- 
urements were scattered over the body as 
much as possible, rather than being con- 
centrated in a particular region. Charac- 
ters were also chosen in such a way that 
measurements were made on hard, sclero- 
tized regions of the body, thereby mini- 
mizing errors due to handling or position- 
ing of the specimens. The characters so 
selected are listed below: 
. Length of right mandible. 
. Length of second antennal segment. 
Length of third antennal segment. 
. Length of third (metathoracic) tibia. 
. Width of third tibia. 
6. Width of third femur. 
7. Height of head. 
8. Length of head. 
9. Width of head. 
10. Length of pronotum. 
11. Width of pronotum. 
12. Length of postmentum. 
13. Width of postmentum. 
14. Maximum diameter of eye. 


or whw re 


The method of multiple factor analysis 
was introduced by Thurstone (1931). 
Previous to this, a number of other 
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workers employed various types of multi- 
variate analysis to data of different kinds. 
Since 1931 multiple factor analysis and re- 
lated methods have been employed very 
extensively in psychology by Thurstone 
(1945a), Holzinger and Harman (1941), 
Kelley (1935), Thomson (1939), Burt 
(1941), and others. The methods have 
been applied to anthropometry by Burt 
(1938), Cohen (1938, 1939-1941), Ham- 
mond (1942), McCloy (1940), Moore and 
Hsu (1946), Rees and Eysenck (1945), 
and Thurstone (1945b, 1946). 

It was expected that information of 
some interest might be gained by studying 
the measured characters of Kalotermes by 
factor analysis. Such a study might per- 
mit an evaluation of the characters as to 
their usefulness in describing subgroups 
within the genus, and might also make 
it possible to relate characters to evolu- 
tionary trends for the genus as a whole. 
Moreover, the results could serve as the 
basis for a comparison with some more 
specialized genus. 

It was found that all the measured char- 
acters were distributed approximately 
normally both in the soldier caste and in 
the imago caste over the population of 
species measured. Most of the characters 
show some skewness, always in the same 
sense. There are a relatively small num- 
ber of species having quite large values 
and a large number of species having 
moderately small values. Bimodality is 
suggested for some of the characters but 
is not demonstrable at a significant level 
with the relatively small number of meas- 
urements made. 

Factor analysis makes the assumption 
of the additive combination of factors, 
whereas such factors as those of the pres- 
ent study may often combine more nearly 
as multiplying factors in the sense used 
by Wright (1921). As Wright pointed out, 
the error term in considering additive 
combination as an approximation of multi- 
plicative combination is small unless the 
amount of variation in the causative fac- 
tors is large in comparison with the mean 
values. The additive assumption of factor 


analysis is that for the uncorrelated com- 
mon factors a, 

Sy Za Via Uay +5 
where 3 is due to unique factor and error 
variance. 

The skewness of the data suggests that 
a change to logarithmic scale might have 
improved the study, but it was thought 
best to abstain from the additional com- 
plication in this, the first factor analytical 
approach to a systematic problem. 

Product-moment coefficients of correla- 
tion were computed relating each charac- 
ter to each other character. This was done 
separately for the imago and soldier caste 
studies. 

It is assumed that the regression of one 
variable on another, if not linear, is at 
least monotonic so that the use of linear 
coefficients of correlation is approximately 
correct. Whether or not the factors have 
a Gaussian distribution over the popula- 
tion studied need not concern us at pres- 
ent (Thurstone 1945a, pp. 63-67). It 
would be interesting to compare the re- 
sults of the analysis of these coefficients 
of correlation with those obtained on the 
logarithms of the measurements. 

Each of these correlation matrices R 
was then factored by the complete cen- 
troid method (Thurstone 1945a, pp. 149- 
157). In this method the correlations are 
accounted for in terms of a number of pa- 
rameters much smaller than the number 
of measurements. The projections of the 
character vectors on the axes of the ‘“com- 
mon factor space” are given as a matrix 
F whose rows represent the measure- 
ments and whose columns refer to the 
orthogonal factor axes. These projections 
are called the centroid factor loadings. 

The length of a character vector is the 
square root of the corresponding “com- 
munality,” h;*, or the proportion of the 
whole variance of the measurement which 
enters into the correlations. 

Thus, the correlation between a pair of 
characters j and k, 
fia fra te 
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where the subscripts a refer to the ortho- 
gonal factors. The quantity ¢« is a residual 
which is vanishingly small. 

The communality, 

b 
hi = Z fi" 
a=i 
In matrix notation 
F-F'=R 
a matrix whose non-diagonal entries are, 
approximately, the coefficients of correla- 
tion. The entries in the principal diagonal 
of R are the communalities. 

Since the communalities were unknown 
at the outset of the study, these were esti- 
mated for a first factoring (Thurstone 
1945a, pp. 299-300), then corrected for a 
second factoring. Those obtained from the 
second factoring did not differ substan- 
tially from the estimates based on the first 
factoring, so that further-iteration of the 
factoring process was not necessary. 

The coefficients of correlation and the 
communalities are so related to the angle 
; between pairs of character vectors that 

Tix = NAyhy COS Osx 

The position of the first centroid axis 
is located in such a way that it passes 
from the origin through the centroid of 
the termini of the measurement vectors. 
It thus lies approximately in the longest 
axis of the hyper-ellipsoidal region occu- 
pied by the measurement vectors. In 
cases such as these, where all the correla- 
tions are positive, this is strictly true and 
all the measurements have positive projec- 
tions for this first centroid axis, as all the 
measurement vectors lie in the same half 
of the hyper-ellipsoid. 

The “residual correlations” 

Taye = Tye — Sir fer 
are computed, and the table of these is 
then analyzed to obtain positions for the 
second centroid axis. Strictly speaking, 
this second axis (and this is true of subse- 
quent axes as well) does not pass through 
the centroid of the residual vectors. This 
centroid is near the origin since the sum 
of the residual correlations is near zero. 
Instead, the second axis passes from the 


origin through the centroid of a system 
of termini of vectors, some of which have 
been “reflected” so that all lie in the same 
half of the residual hyper-ellipsoidal space. 
It does not really matter much where the 
second axis is placed so long as it is orthog- 
onal to the first and accounts for a large 
amount of the variance involved in the 
residual correlations. Arbitrarily, vectors 
are reflected one at a time starting with 
that vector the sum of the residual corre- 
lations of which has the greatest negative 
value, and continuing until no sum of the 
residual correlations of a vector, corrected 
for the vectors reflected, is negative. The 
projections of the original vectors on this 
axis are determined and a second set of 
residual correlations 7,_;;,;, are computed. 

The process is continued until all en- 
tries 7r,_,);, are vanishingly small. These 
are the “residuals” and are to be ascribed, 
largely, to errors of estimate of the cor- 
relations. 

The first centroid axis may have some 
biological significance but the others are 
certainly no more than convenient arbi- 
trary orthogonal axes for the description 
of the vectors in the common factor space. 
This space is of b dimensions, where b, the 
number of factors, is considerably less 
than the number of characters. It is im- 
portant to devise a statistical means of 
determining the best value of b. 

Many factor studies have been carried 
only to this point. In other cases the axes 
have been located by least-squares fitting 
instead of the simple centroid method. It 
was obviously desirable to try to find a 
simple hypothesis about the relation of 
factors to characters so that meaningful 
interpretations of factors could be made. 

One such hypothesis is furnished by 
Thurstone’s simple-structure concept. The 
hypothesis is that for any meaningful com- 
mon factor (other than a general factor) 
one would expect to find a subset of the 
original characters on which the factor 
has no (or only a very small) influence. 
The vectors representing such characters 
would lie in (or very nearly in) a sub- 
space of (b—1) dimensions of the b-di- 
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mensional common factor space. The fac- 
tor axis could be described as orthogonal 
to this null subspace. Similarly a whole 
class of b or more or less factors might be 
located in this way with the axis of each 
orthogonal to a (b—1)-dimensional sub- 
space containing the vectors on which a 
given factor does not act. 

A brief set-theoretical interpretation of 
the simple-structure concept seems help- 
ful. Denoting by B, the set of vectors on 
which factor P has no influence, a com- 
plete simple structure can be said to exist 
if there is a set B, for each of the b factors 
P, and if 

Divcte Be Bitte Me, .«« Mach 
Ricks Bu. o> eee 


ByitB, 
that is, all intersections of pairs of sets 
contain fewer elements than the corre- 

sponding unions, 

(B,UB,) — (B,NB,) 4-0 
Thus in a given study a particular sub- 
set of the variables can determine one and 
only one group factor. If there are two 
(or more) group factors having the same 
null subset of variables, their presence 
can only be determined by additional 
studies in which supplementary variables 
are introduced so that this is no longer the 
case. The relativity of the unitary nature 
of factors is not necessarily unfortunate, 
especially in applications to domains in 
which the number of ultimate factors is 
legion and what are really sought are 





Fic. 1. The set B,*. 


major groups of ultimate factors. Of 
course there is no point in reporting as 
separate, two group factors P and Q, 
whose null subsets B, and B, are really a 
pair of approximations to what is actually 
the same null subspace. In a case such as 
this, either r,,=1 or 7,,=—1. 

A quantitative test could be based on 
determining the rank of the matrix R,,, 
the entries of which are the correlations of 
the primary factors (with unity as the 
entries of the principal diagonal), and 
seeing that this is equal to its order. For 
studies with high communalities (which 
are common in morphological as opposed 
to psychological studies) the coefficients 
of correlation of the variables have 
smaller standard errors so that primary 
group factors which are relatively highly 
correlated with each other can be dis- 
cerned. 

The complement of B,, denoted B,, is 
the set of characters which can be used to 
describe the factor P, as these are the 
measurements on which factor P exerts 
an influence. A set B,*, which may be de- 
fined by a relation such as 
B,* = B, — B,(B,UBU...UB,,UB,,U 

oes UB) 
contains only characters which are influ- 
enced by no group factors other than P. 
The set B,* is indicated as the shaded 
portion of set B, in Figure 1 for a case in 
which b = 4. Obviously, the elements of 
B,* describe the action of factor P in its 
purest form. In Figure 2, the projections 
of the termini of vectors are shown on a 
two-dimensional subspace including the 
origin O of the system. The two axes rep- 
resent the factor axes P and Q and lie in 
this plane. The points representing the 
termini of character vectors can be as- 

signed to sets B,, B,, B,, and B,. 
The rotational process is one in which 

: b(b-1) 

a search is made for a set of —-;— such 


planes (for the case where all b common 
factors are group factors), each contain- 
ing a pair of factor axes, by locating the 
“streaks” of projection points which de- 
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fine the null subspaces of factors as they 
appear in the two-dimensional projections 
of the space. These factors need no longer 
be orthogonal to each other. A rotational 
matrix A is found. Then 

F-A=V 
where V is a new matrix in which the 
number of zero (or near zero) entries is 
maximized. When the columns of V are 
plotted against each other, a set of dia- 
grams similar in general form to Figure 2 
is obtained. These are characterized by 
the fact that a good number of the points 
lie on or near the lines representing zero 
values for the factors. The rotated factor 
matrix V is examined, and each factor is 
interpreted in terms of the characters for 
which it has high loadings. 

It was of interest to compute approxi- 
mate factor evaluations for the individuals 
measured in the study. The method used 
is based on the discussion by Thurstone 
(1945a, pp. 511-516), and elsewhere. First, 
the matrices S;; of the standard values for 
each individual i for each measurement j 
were computed. Next, the reciprocal or 
inverse matrix R,,-' of each correlation 
matrix (with unit diagonal entries) was 
obtained. The method as given by Thur- 
stone (1945a, pp. 46-48) after Tucker 
(1938) was satisfactory except that it was 
necessary to carry all numbers to four 
decimal places in order to have satisfac- 
tory accuracy as the rounding errors ac- 
cumulate in the process. For each caste a 
matrix 7',, is needed to relate the rotated 
factors to the centroid axes. It is obtained 
by 

. Tap = (D-A7)'=(A)'D 
where D is a diagonal matrix, each of 
whose entries is the reciprocal of the 
square root of the corresponding entry in 
the principal diagonal of the matrix 
M =C*=(A’-A)7 

[It should be noted that C is the matrix 
of the cosines c,, of the angles 6,, between 
pairs of primary factor axes P and Q. Fur- 
thermore the matrix of the correlations of 
the primary factors 

Ryg = D-M-D =D-C>-D 


Then 

Wei hu* Pr 
and 

W so We lee 
are matrices whose entries are the regres- 
sion weights for the characters on the 
centroids and on the rotated factors re- 
spectively. 

Finally these weights were applied to 

the standard values: 

SissWe = Xt0 

Sis-Wip = Xe 
to obtain matrices X which are evaluations 
of the individuals 7 for the centroids a and 
the rotated factors p respectively. The 
evaluations 2;, and 2;, are subject to errors 
due to values 6 attributed to unique fac- 
tors and error variance as shown in the 
fundamental additive equation. The ma- 
trix W,,, which relates S;; to X;,, the evalu- 
ations for the centroids, is simply related 
to the matrix U,; of values u,; of the fun- 
damental additive aquation by: 

Wye = Ua 

where the squares of the residuals 3 due 
to unique factors and error variance have 
been minimized. Matrix X;, gives the co- 
ordinates of points representing the meas- 
ured individuals in a space of D di- 
mensions, represented by the orthogonal 
axes a. 
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Fic. 2. Projections of termini of vectors on 
plane containing a pair of group-factor axes. 
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In addition to other sources of error, a 
species, which should be represented by a 
cluster of points, each determined by the 
evaluations for a single individual, is rep- 
resented in this study by the evaluations 
of a single individual. There are two ex- 
ceptions to this in the soldier caste. The 
relation of this individual variation to 
Centroid I (size) and to primitiveness 
should be studied further. 

The matrix X;, is a convenient starting 
point for an examination of the points to 
see if subsets corresponding to systematic 
categories can be discerned. The under- 
lying assumption is that a group of species, 
all descended from a single branch of an 
early dichotomy, and represented by a 
single interbreeding population for some 
time before further dichotomy, would be 
expected to differ from other members of 
the genus by some combination of attri- 
butes. That combination of attributes for 
which the variance of the group is mini- 
mized is found by rotation. The points 
representing members of the group then 
lie approximately in a subspace of (b—1) 
dimensions. It should be noted that only 
large subgroups can be found by this 
means. A subspace of (b—1) dimensions 
can be fitted exactly to any set of b species; 
hence only groups containing considerably 
more than b species can be demonstrated. 

The search for such groupings was 
made in a manner analogous to the single 
plane method of rotation (Thurstone, 
1945a, pp. 216-224). Some species S, is 
chosen as the starting point in the search 
for each species-group. It is assumed that 
this species is to be a member of the group 
to be located. A first trial axis, 2,, is lo- 
cated, running from the origin through 
the point representing the species chosen. 
The direction cosines ia. of this axis are 
obtained by normalizing the set of cen- 
troid evaluations ry, of species S,. 

The entire set of spgcies is then evalu- 
ated for projections on this axis a,, and the 
resulting values are plotted as the ordi- 
nate, using each centroid axis in turn as 


the abscissa. These diagrams are then 


examined for subspaces of (b—1) dimen- 
sions near S, as indicated by streaks of 
points including S, A line is drawn 
through S, in the direction of each streak. 
A parallel to this line is drawn from the 
origin to the intersection with the ordi- 
nate at the unity centroid value. The 
value of the ordinate of intersection is 
entered as Sa in the equation 
Aaa — Saa 
1 — Saa raya 

The obtained values of W«,« are then nor- 
malized by 


Vaa = 


YW asa 
Nava = af — 


to obtain the direction cosines of a second 
approximation to the axis, a,. The process 
is continued until a streak including S, is 
demonstrated or is shown not to exist. 


Results 


Table I lists the coefficients of correla- 
tion of pairs of characters in the imago 
caste and in the soldier caste respectively. 
The highest correlation for a pair of char- 
acters of the soldier caste is nearly 0.98 
between head width and pronotum width. 
It is found that this especially high corre- 
lation is interpretable in terms of the fac- 
tor analysis and is of great adaptive sig- 
nificance. Other very high correlations are 
found between the length of the tibia and 
the length of the pronotum and between 
the height and width of the head. Both 
these are also related to adaptive trends 
found by the factor analysis. The lowest 
correlations for the soldier caste are those 
between tibia width and the two antennal 
segment measurements, and the correla- 
tions of postmentum length with third an- 
tennal segment length and with eye di- 
ameter. All but the lowest two correla- 
tions are significant at the p<.01 level, and 
one of these is significantly different from 
zero at the p<.05 level. 

For the imago caste none of the corre- 
lations is as high as the two greatest sol- 
dier correlations. The highest are the cor- 
relations relating the two measurements 
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. TABLE I—COEFFICIENTS OF CORRELATION 
f SOLDIER CASTE—MATRIX R»,—ABOVE PRINCIPAL DIAGONAL 
1 ee aeeee ee 
a 1 2 3 4 5) 6 7 8 9 10 11 12 13 14 
e 1 — 685 .663 .857 .679 .741 .867 .802 .877 .865 .862 .682 889 .657__ 
a 2 .588 — .761 .571 .350 .488 .560 .490 .535 586 .537 .446 548 .413 
e 3 .455  .451 — .528 .389 .598 .494 446 .587 .539 .653 .231 .473 ~~ .572 
s 4 .735 .655 .683 — .788 .850 .815 .813 .823 927 .827 .801 .892  .597 
5 .809 .487 .417 .756 —  .862 .760 .756 .790 .807 .800 .668 4.811 ~=# .500 
6 .760 .529 .438 .790 .897 — .728 .768 .790 .866 .812 .668 .800 .501 
7 .765 .648 .542 .821 .792 .£828 — .865 .939 .819 .910 .714 .888  .606 
8 .761 .551 .584 .780 .878 .902 .858 863 .840 .845 .844 .814  .528 
98 .820 .570 .595 .805 .904 .894 .910 .937 864 .979 .647 .884 .694 
a 10 .827 .589 .505 .838 .892 .905 .895 .884 .930 — .895 .765 .886  .612 
11 .820 .610 .572 .864 .861 .876 + # .880 878 919 .946 — 636 .874 .666 
1i2 679 611 616 .774 724 «717 «2.759 = «6§754 802 757 = .743 .780 = 3857 
13 .644 518 .415 .815 .769 .778 .802 .756 .833 .834 .846 .6680 — _ .579 
14 610 .488 .433 .817 .684 .740 .641 .709 .784 «4.738 «4.742 )«©6.578 «6.573 — 
d IMAGO CASTE—MATRIX R,,,—BELOW PRINCIPAL DIAGONAL 
Ss 
is of the pronotum, the correlations of head general pattern of characters seems to be 
width with head length and height, and favored for all species, whereas in the sol- 
with pronotum length and width, and be-_ dier caste different combinations of char- 
tween the width of the femur and the acters are especially adapted to ecologi- 
2 lengths of head and pronotum. The rela- cal differences of the species. Hence the 
20 tion of these high correlations to the fac- correlations of the imago characters do 
ly tors is very complex in the imago caste. not range as high or as low as those for 
r- None of the correlations of imago char- _ soldiers. 
98 acters is as low as the lowest correlations Table II gives the centroid matrices of 
th of the soldier caste. All the imago corre-_ the soldier and imago castes. It should be 
re- lations are significant at the p<.01 level. noted that although five factors suffice 
ac- These facts suggest that adaptive evolu- to account for the soldier correlations, six 
ig- tion has acted in different ways on the are involved in the correlations of imago 
wre two castes. In the imago caste a single characters. 
nd 
~~ TaBLE II—CENTROID MATRICES 
oth aie nae ao rere 
ids SOLDIER CASTE—F y IMAGO CASTE—F jm 
est re os 
ose I Il III IV V I II III l\ V VI 
nal 1 93 —16 —.11 14 10 84 .06 08 —08 —14 —.12 
ela- 2 66 —49 —24 —11 —.17 65 —.22 12 12 —18 —.08 
an- 3 .65 —.60 15 —.22 —.16 .60 —.31 .24 04 15 19 
f 93 10 —14 —11 13 22 —30 —23 14 05 05 
di- 5 83 32 20 —.19 03 90 tt - — 10 —17 
ela- 6 .88 13 3 —.34 —.03 91 21 —12 —.11 —.03 03 
and 7 92 09 .04 25 —.08 92 .06 13 15 —.09 05 
om 8  .89 23 —.08 12 —.22 93 12 so «3 10 15 
9 95 .04 22 22 —.03 97 at 18 —.05 i 05 
10 .94 10 —08 —.11 13 96 17 —.06 08 —13 —.02 
cre 11.94 07 22 12 03 96 09 —.07 10 —07 05 
sol- 12.77 33 —.40 Ss —13 83 —.20 19 04 0 —14 
cor- 13 93 16 —.08 .06 13 84 12 —.13 .28 16 —.03 
ents 14 66 —.21 20 14 18 7 —15 —28 —21 —11 18 
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Table III lists the communalities h/? 
and uniquenesses u;? for the two castes. 
In both castes head width has the highest 
communality. This means that practically 
all of its variance is discernible in its cor- 
relations with other characters measured, 
and it shows almost no variance due to 
unique factors influencing the head width 
but none of the other characters of the 
study. The only high uniquenesses for the 
soldier caste are those for eye diameter 
and for the length of the second antennal 
segment. At least in the case of eye diam- 
eter this suggests one or more additional 
factors, acting on eye diameter but not 
on any of the other characters measured. 
This seems a reasonable consequence of 
the convergent reduction of the soldier 
eye in many different lines. There are five 
reasonably high uniquenesses of the imago 
caste, the largest two involving the sec- 
ond and third antennal segments. The 
data suggest that there are unique factors 
acting on each of these two characters. 

The distributions of residuals from the 
factoring are noted in Table IV. It is 
found that the two distributions are very 
similar, even though five factors have 
been found for the soldiers and six for the 


TABLE ILI—CoOMMUNALITIES AND UNIQUENESSES 





SOLDIER CASTE IMAGO CASTE 


COMMU- UNIQUE- COMMU- 


UNIQUE- 

NALITY NESS NALITY NESS 

CHAR- 
ACTER h;? U;? h;? U;? 
1 93 07 .76 24 
2 a0 .23 D4 46 
3 88 ly Ray | 43 
} 92 .08 1.00 .00 
5 .86 14 95 .05 
6 92 08 .90 10 
7 92 08 .90 10 
8 91 .09 93 .O7 
9 1.00 .00 1.00 .00 
10 93 .07 98 .02 
11 95 .05 95 .05 
2 87 13 80 .20 
13 92 .O8 84 16 
14 58 42 .78 22 


TABLE IV—DISTRIBUTIONS OF RESIDUALS FROM 
FACTORING 











SIZE OF NO. OF SOLDIER NO. OF IMAGO 
RESIDUAL RESIDUALS RESIDUALS 
.00 29 20 
+.01 33 40 
+.02 20 22 
+.03 7 6 
+.04 2 3 


TaBLE V—RortaTeD Factor MATRIX V4, 





SOLDIER CASTE 








A B c D E 
1 36 01 30 07 10 
2 .00 .06 26 —.06 OT 
3 00 —04 —.01 09 02 
4 19 —.05 32 22 .05 
5 04 03 —.03 40 —.12 
6 —.06 —.01 .04 46 12 
7 25 .26 04 —11 —.04 
8 .03 38 02 —01 —.06 
9 30 18 —06 —04 —.10 
10 20 —.05 .28 24 .02 
11 .28 10 —02 —07 —.11 
12 —.01 .28 30 .04 .09 
13 .28 .03 29 10 —.08 
14 40 —.11 08 —03 —.07 


imagoes. These residuals may be due to 
errors of estimate of the correlations, 
rounding errors in the factoring, and to 
very small common factors not influenc- 
ing the variances of the characters enough 
to be detected in this study. The residuals 
are all small and their distributions are 
approximately normal. 

Table V is the rotated factor matrix for 
the soldier caste. If +0.10 is taken as the 
null value for a loading, it can be said that 
factor A is determined by six characters 
on which it has no influence, B by nine 
characters, C by eight, D by nine, and E 
by nine. Thus all factors except A are 
rather well determined. Even A is deter- 
mined better than the rule-of-thumb cri- 
terion suggested by Thompson (1939), 
namely, that the number of near-zero en- 
tries in each column should be as great as 
or greater than b, the number of factors in 
the study. 





Fic. 3. Final positions, rotated soldier factors. 
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Since the origin must lie in the sub- 
space of (b—1) dimensions which deter- 
mines the factor, such a subspace can be 
found to fit exactly to any (b—1) vectors. 
Hence the existence of such a subspace is 
suggested by numbers greater than or 
equal to b. In the soldier study b is five. 

It should be noted that factors whose 
null set of characters B, contain less than 
about m—b elements are not discovered in 
a factorial analysis, where m is the num- 
ber of measurements and b the number of 


factors. A primary factor for “general 
size,” if it existed in the present study, 


would be of this sort, as there would be 
no characters whose variance it did not 
influence. If such a factor existed at the 
first-order level, then from a study based 
on b centroid axes, only (b—1) linearly 
independent factors would be found by 
rotation. Since this was not the case in 
either of the present studies, it must be 
assumed that no such general size factor, 
having a relatively large degree of inde- 
pendence from the other primary factors, 
exists. 

Table VI gives the rotated factor matrix 
for the imago caste. Here b=6, and the 
numbers of vectors defining each factor 
are: A, nine; B, nine; C, eleven; D, eleven; 
E, eleven; and F, nine. 

Figures 3 and 4 show the “final posi- 
tions” of the factor axes as seen in two-di- 
mensional sections of the spaces. In the 
figures the angles 0,, between each pair of 
factor axes are drawn as though they 
were right angles. The cosine of the ac- 
tual angle c,, between axes is noted with 
each section. 

The matrices of rotation A relating each 
set of factor axes to its corresponding set 
of centroid axes are presented as Table 
VII. 

The primary factors obtained by rota- 
tion are, typically, correlated with each 
other. The table of the correlations of 
these factors is given as Table VIII. Some 
of these correlations are remarkably high, 
but the linear independence of the factors 





TABLE VI—ROortTaTED FACTOR MATRIX Vim 


IMAGO CASTE 





A B © D E F 





1 15 21 01 16 —.11 —.02 
2 29 .28 .00 05 —.01 —.05 
3 26 —.04 .05 —.04 .03 37 
4 .26 —.01 32 .02 31 —.01 
H) .02 —.04 05 .28 .04 01 
6 —.08 .06 15 .06 .00 .05 
7 .05 25 —.07 —.06 .02 aa 
8 —.02 —.02 .08 .01 —.04 30 
9 .02 03 —.07 —.07 —.03 28 
10 —.03 23 .04 .00 .05 —.03 
11 .00 okt .09 —.04 10 .03 
12 os .04 —.04 23 .08 eS 
13 .00 .00 —.02 .00 ot 01 
14 .06 .00 49 —.02 —.02 .04 


TABLE VII—MartRrRICcEs OF ROTATION 
SOLDIER CASTE A, 


A B c D E 
I .20 .08 16 Bt .09 
II —.17 23 —14 29 —.56 
III 07 —.06 —.76 21 —.38 
IV 08 40 —07 —90 —.42 
V 77 —.88 61 21 —.60 


IMAGO CASTE Aj», 








B Cc D E F 





A 
I 13 .09 10 .08 .06 .09 
II —.75 09 —40 —.13 —.11 01 
II! 22 27 —.72 .01 —.50 ol 
IV —.09 33 —45 —.42 .64 —.20 
V 11 —90 —.08 29 0D 48 
VI —.60 —.03 32 85 —.13 .68 


TABLE VIII—CorrELATIONS OF PRIMARY FACTORS 


SOLDIER CASTE 























A B ¢ D E 
A 
B .72 
c —.27 24 — 
D .82 84 .00 
E fd 234 —.40 5 — 
IMAGO CASTE 
A B c D F F 
A 
B —62 —— 
c —.50 77 — 
p —.80 88 71 — 
I —.56 86 .66 78 
F —.57 .90 72 85 82 


Fic. 4. Final positions, rotated imago factors. 








ll a A tes 


























Sor ss COS 8=-11 ser ~=- COS 8=-01 sor ~=—s«sG oS 8 = .69 

oe 

40 aoe 40}— 

e s as . 
&y * 20- 20 bd 
e & 

e a A & * Ae . A 
Fey heer Oo a 
E cos @=.16 F cos@=-22 C cos@=-31 

40 40F a 40 

es r 
20 20 
a 
1 © . i A ® -o i 1 B 
“Vee 20 © 40 °®60 «205 «40 ~S~CO 


D cos @=-38 





























40r, 
© ele 
20 20-- 
le l l l C b e°, —o © 
q oe 20 @ 20 40 © 60 Ost 20 © 40 60 
* 
F 
E Cos @=02 COS 6=-34 
40 401- 
e? 
20 201 














88 





SYSTEMATIC ZOOLOGY 





TABLE IX—SeEcoND ORDER DOMAIN 








SOLDIER CASTE 








I II 
A .96 .02 
B 71 .64 
C —.23 58 
D .85 41 
E .78 —.39 





IMAGO CASTE 








I II 
A —.72 38 
B .96 19 
c ae 3S 
D .95 —.25 
E .86 mi yj 
F 91 21 


seems clear enough. No serious change 
need be made if two of the factors should 
eventually be regarded as only one, but 
there would then be the possibility of a 
linearly independent general factor at 
the primary level, which does not seem, 
at present, to be the case in either study. 
These correlations were then factored by 
the centroid method to obtain the second- 
order centroid matrix for each caste. The 
results are shown in Table IX. When 
these loadings for the soldier caste are 
plotted against each other (Fig. 5), using 
one centroid axis as the abscissa and the 
other as the ordinate, no grouping of the 
primary soldier factors is evident. A com- 
parable plot (Fig. 6) for the imago fac- 
tors, however, indicates a group consist- 
ing of factors B, C, EF, and F’, which could 
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Fic. 5. Second-order domain, soldier caste. 
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Fic. 6. Second-order domain, imago caste. 


be assumed to lie in one subspace includ- 
ing the origin (in this two-dimensional 
example the subspace is a line). These 
second-order factors are used to account 
for the correlations among the primary 
factors. 

The lack of structure corresponding to 
a group factor in the soldier study could 
be interpreted as indicating one or more 
general factors there. In the imago study 
what seem indicated are a bipolar second- 
order group factor relating the first-order 
factors A and D, and a general factor. 

All second-order results in studies this 
small must be regarded as tentative and 
suggestive only. The addition of a few 
more characters might increase the num- 
ber of first-order factors and alter the con- 
clusions regarding the second-order do- 
mains. 

Table X lists the evaluations of the 
Proglyptotermes individuals of the soldier 


TABLE X—ALPHA PROJECTIONS OF PROGLYP- 
TOTERMES SOLDIERS 


MEE Sinisa cmv eccn sows 79 
Bi NE em cmcilbiceeeiabinn mass 1.22 
i NE. ac ec asinec ota cenme wee .99 
eee 1.12 
ee ey 3 
eee ee 98 
eS ee eee ne 87 
Ree NE a a provers. 5 ra Ramin eared 1.41 
er 1.52 
ce, ree ree e 1.00 
eee 1.32 
i ID oer ock whew wae ce aremonce 1.22 
SIE on kc ec cence cccsesawe'’s 1.19 
is MIO Sos exe ecm emninn eek aden 1.15 
DB . CREE coc cckevicwcens 1.06 
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caste for the axis a discussed in the suc- 
ceeding section of this paper. 


Discussion and Conclusions 


Factor-analytical methods can probably 
make a substantial contribution to the 
solution of problems of character evalua- 
tion. One advantage of their application 
is that of parsimony. A relatively large 
number of observed characters can be re- 
duced, practically speaking, to a consider- 
ably smaller number of parameters. In 
the present study the original fourteen 
measurements were reduced, largely, to 
five parameters for the soldier caste and 
to six for the imagoes. Much of the error 
variance is eliminated along with unique 
factors affecting only one measurement. 
The use of centroid evaluations permits 
the individuals to be located as points in 
a space whose axes are orthogonal to each 
other and which represent statistically 
independent parameters. A much more 
significant addition to biological knowl- 
edge is gained, however, by an examina- 
tion of the rotated factors. These can, in 
some Cases, be subjected to interpretations 
as causative agencies or as trends account- 
ing for the correlations of the characters. 

It does not seem feasible in the present 
paper to discuss in great detail the results 
obtained. Instead the results will be very 
briefly summarized and sampled here. 
In the present study the soldier factors 
are more easily interpreted, on the whole, 
than are the imago factors. This is prob- 
ably due to the well-known fact, true 
rather generally throughout the order 
Isoptera, that the soldier undergoes a va- 
riety of obviously adaptive changes, 
whereas the imago caste is more conserva- 
tive. 

Of the five factors discovered for the 
soldier caste, three are distinctly regional 
in nature: factor B, a head-volume factor; 
D, a leg factor; factor E, an antennal fac- 
tor. The other soldier factors, A and C, 
are not limited in their influence to a 
regional group of characters, but operate 
on a variety of characters distributed over 





LENGTH OF HEAD 
LENGTH OF POSTMENTUM 


HEIGHT OF HEAD 








WIDTH OF HEAD 
Fic. 7. Factor B, soldier caste. 


the body. Of six imago factors, only one, 
factor F, shows strong regionality in its 
operation. The other five operate on meas- 
urements on various parts of the body. 

The five soldier factors are all inter- 
pretable in terms of adaptive trends for 
the genus as a whole. Of the six imago 
factors only two seem probable as repre- 
senting adaptive trends in the imago. The 
other four factors, and to some extent 
these two as well, are related in a very 
interesting way to the factors discovered 
for the soldier caste. 

Factor B of the soldier caste affects the 
four measurements shown in Figure 7: 
the three dimensions of the head and the 
length of the postmentum, which runs 
along and constitutes a part of the floor of 
the head capsule. Thus it is a factor with 
a distinctly regional influence, affecting 
all dimensions of the head. Apparently, 
the width of the postmentum is independ- 
ent of this factor. The existence of factor 
B may be interpreted in any of three ways 
which are not necessarily mutually exclu- 
sive: (1) it may be that a certain propor- 
tionality among the head measurements 
tends to be maintained in spite of any 
other changes in the body; (2) there may 
be a directional tendency toward increase 
in head volume for some or all the species; 
or (3) there may be a tendency for head- 
volume decrease for some or all the spe- 
cies. Another possibility is that some 
early dichotomy of the genus, through 
selective or random acquisition of differ- 
ent alleles in the two lines, resulted in two 
rather discrete groups of species whose 
principal difference is head volume. If 
this were the case one would expect a 
marked bimodality in the distribution of 
the individual evaluations for factor B. 
Since no such bimodality is evident this 
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fourth possibility can be eliminated. It is 
not possible, as a result of the present 
study, or on the basis of other facts known 
about the genus, to distinguish clearly 
among the first three possibilities; but the 
third, head-volume reduction, seems most 
likely. 

Factor A for the soldier study is an in- 
teresting example of a non-regional factor. 
It affects eight of the fourteen characters 
studied. The eye in the soldier caste is 
undergoing evolutionary regression, while 
in the imago caste, with the same genetics, 
the compound eyes are maintained as 
functional structures. The eye shows con- 
siderable unique variance, as suggested 
by the factor U in Figure 8, but 58 per 
cent of its variance is due to common fac- 
tors included in this study. These find- 
ings strongly indicate that much of the 
regressive decrease in eye diameter in the 
soldier caste is attributable to the selec- 
tion of alleles which happen to be dele- 
terious to the soldier eye but which have 
pleiotropic effects of selective advantage 
in reducing the cross-sectional area of the 
soldier. The entire combination of charac- 
ters involved in factor A amounts to a 
decrease in this cross-sectional area, fit- 
ting the soldier caste to more efficient 
function in small burrows of subcircular 
section. 

Turning to imago factors, it is found 
that these are more difficult to interpret 
as functional adaptations of the imago 
caste, but that a number of them are 
closely related to the soldier factors. The 
closest such relationship is that between 


MAXIMUM DIAM. OF EYE 
WIOTH OF PRONOTUM 
WIOTH OF HEAD 

HEIGHT OF HEAD 

LENGTH OF RT. MANDIBLE 
WIDTH OF POSTMENTUM 


LENGTH OF PRONOTUM 





LENGTH OF 3rd TIBIA 
Fic. 8. Factor A, soldier caste. 


HEIGHT OF HEAD 
{[i) LENGTH OF PRONOTUM 


1) WIOTH OF PRONOTUM 





A 
YR LENGTH OF 2nd 
ANTENNAL SEGMENT 
D [) LENGTH OF RT. MANDIBLE 


Fic. 9. Factor B, imago caste. 


imago factor B and soldier factor A. The 
coefficient of correlation r=.74+.08 for the 
37 species in which both soldier and imago 
specimens were measured. Imago fac- 
tor B (Fig. 9) affects four characters ho- 
mologous to those affected by soldier fac- 
tor A. It also affects the length of the 
second antennal segment, regionally al- 
most contiguous with the head. The imago 
eye, head width, postmentum width, and 
tibia length are independent of imago fac- 
tor B although their homologues are af- 
fected by soldier factor A. 

The interpretation is that an obviously 
adaptive trend in the soldier caste is re- 
flected by a trend in the imago caste 
affecting some but not all the homologous 
characters, and bringing in one additional 
character. Imago factor B may have some 
adaptive value in the imago caste but the 
relation is not clear. In this case, the al- 
leles that have been selected seem to be 
those whose action is similar in sense in 
both castes, thus especially those alleles 
whose major contribution (other than eye 
reduction) to development is made prior 
to the time of soldier differentiation. In 
the case of a different relationship be- 
tween factors of soldier and imago caste, 
the correlation is negative, suggesting the 
selection, primarily, of alleles acting in 
soldier differentiation. 

This sample of the factors of the pres- 
ent study should suffice to indicate the 
extremely interesting possibilities which 
factor analysis offers for the interpreta- 
tion and evaluation of characters. 

A different application of multiple fac- 
tor analysis lies in the identification of 
categories of organisms. A _ rotational 
search for groupings of species in the 
space described by the centroid evalua- 
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tions was made. Since this is the first 
time such a technique has been applied 
in factor analysis, conclusions based on 
the findings must be viewed with some 
reserve. For this and other reasons, only 
the largest, most obvious streaks were ex- 
amined. 

In the soldier study an axis a was 
found on which a group of fifteen species 
had sub-equal projections. The difference 
between the mean for this species-group 
and for the rest of the genus is highly 
significant. This group of fifteen species, 
along with several others not in the sol- 
dier study, had previously been assigned 
to the genus Proglyptotermes by Emer- 
son (Kirby, 1949) on the basis of a survey 
of the imago caste. Its members are, in 
general, smaller and darker than Kalo- 
termes and always have an aroleum (some 
Kalotermes lack this structure). Although 
it had appeared in the literature its status 
was still uncertain. Kirby found corrob- 
orative evidence in the similarity of their 
intestinal flagellates. This study confirms, 
for the soldier caste, the existence of such 
a category as Proglyptotermes, but fur- 
ther study is needed before a final deci- 
sion can be reached as to whether it 
should be designated as a genus or as a 
category of subgeneric rank within Kalo- 
termes. 

A comparable rotational search of the 
imago evaluations suggested the existence 
of the same group, but it is not so clearly 
defined here as in the soldiers. Apparently, 
additional, more critical characters must 
be used to find reliable criteria for dis- 
tinguishing Proglyptotermes imagoes. 

It should be stated that multiple factor 
analysis permits the identification of char- 
acter correlations with factors or trends 
which can be considered the causative 
agents accounting for the correlations. It 
presupposes the additive combination of 
linearly related causes. Biological factors 
can hardly be supposed to have exactly 
these properties; but this must be approxi- 
mately so, or interpretable results such as 
those reported here could not be found. 

It is hoped that the method of factor 


analysis can supplement the more usual 
systematic techniques and permit a better 
description of some of the millions of evo- 
lutionary experiments in which nature 
has engaged. 


Summary 


By means of multiple factor analysis 
and related techniques the genus Kalo- 
termes was examined in an attempt to 
elucidate its systematic structure. Factor 
analysis can be of great aid in evaluating 
characters. By its use five primary factors 
have been found for the soldier caste and 
six for the imago caste of Kalotermes. In- 
terpretations of a sample of these are pre- 
sented, showing their relation to evolu- 
tionary trends in the genus and to regres- 
sive evolution and pleiotropism. 

The method of multiple factor analysis 
is discussed briefly as it has been applied 
to systematic problems. A brief set-theo- 
retical account of Thurstone’s simple- 
structure concept is developed. An exten- 
sion of the methods of multiple factor 
analysis is employed in which a rotational 
search is made for groupings among in- 
dividual evaluation points in the common- 
factor evaluation space. The existence of 
a previously suspected genus or subgenus, 
Proglyptotermes, is demonstrated in the 
soldier caste. 
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Although the mathematical nature of this 
paper makes it slow reading, the technique of 
multiple factor analysis promises to be of 
wide utility in systematics for reducing com- 
plex sets of data to a relatively small num- 
ber of causative factors. At the time of his 
death on October 8, 1952, CLYDE P. STROUD 
was Associate Biologist in the Biological and 
Medical Division of the Argonne National 
Laboratories, Chicago. This paper is a portion 
of the dissertation accepted for the degree of 
Doctor of Philosophy by the Department of 
Zoology, University of Chicago. Financial 
support for portions of the investigation was 
given by the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of 
Chicago. The dissertation was written under 
the direction of Dr. Alfred E. Emerson who 
also edited the manuscript after the death of 
Dr. Stroud. Advice concerning the mathe- 
matical techniques was given by Dr. Louis L. 
Thurstone and Dr. Sewall Wright. This paper 
was presented at the symposium on “Statis- 
tical Problems in Animal Experimentation,” 
December 27, 1951. 
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“Methods and Principles...” 


METHODS AND PRINCIPLES OF SYS- 
TEMATIC ZOOLOGY. By Ernst Mayr, 
E. Gorton Linsley, and Robert L. 
Usinger. McGraw-Hill Publications in 
Zoological Sciences. McGraw-Hill Book 
Co., New York, Toronto, London, 1953. 
ix + 328 pp., 45 figs. $6.00. 


IME has been ripe for the prepara- 

tion of a general treatise on system- 
atic zoology. The field of general system- 
atics has at long last been taking shape. 
The young Society of Systematic Zoology 
has grown vigorously and is filling a very 
obvious need in stimulating and correlat- 
ing thought. One of the first projects of 
the Society was the sponsorship of a book 
that would expound the principles of the 
general field. There need be no great re- 
gret over the circumstance that the So- 
ciety has been anticipated in this regard; 
there is room for several such treatises. 
It is understood that the University of 
California entomologists Linsley and 
Usinger had a book well under way when 
they heard that the American Museum 
ornithologist Mayr was also preparing 
one. The three, all interested in general 
systematics as well as in their specialties, 
then joined hands to produce a work that 
the Society of Systematic Zoology might 
well endorse. 

This book has the freshness and vigor, 
and some of the defects, of a pioneering 
work. It treats broadly, but in some re- 
spects not comprehensively or evenly: 
(1) history, concepts, and categories, (2) 
procedures, and (3) nomenclature. It 
stresses the art of taxonomy—the classi- 
fying and naming of animals—and largely 
elides the fundamental principles of speci- 
ation and phylogeny, which many of us 
would include in the broader circle of sys- 
tematics, but which the authors, drawing 
the overlapping circles differently, would 
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probably relegate largely to the field of 
evolution. They define and treat “tax- 
onomy” as the interchangeable equiva- 
lent of “systematics.” 

In accordance with their taxonomic 
philosophy, some readers will be disap- 
pointed with the omission or curtailed 
treatment of various subjects or points of 
view that are dear to them. There is no 
sound weighing of the relative merits and 
defects of splitting and of lumping, 
merely a repeated indication of a strong 
bias toward lumping. Ecological specia- 
tion is largely denied or avoided, as in 
previous works by the senior author. Ex- 
perimental methods are accorded little 
space or emphasis, comparative serology 
is only briefly treated, and other biochem- 
ical methods are barely mentioned. There 
is little indication that group revisions, 
particularly for less completely classified 
animals, are apt to be more significant 
than faunal studies; and there is no ade- 
quate emphasis on the sound principle 
that it is desirable to study a species or 
group thoroughly throughout its range. 
The extraordinarily high taxonomic value 
of genitalial characters and the low trust- 
worthiness of nutritional adaptations are 
not clearly brought out. The use of cal- 
culating machines, standard in some 
fields, is not mentioned. Little attention 
is paid to the analysis of regression or to 
other refined methods of studying varia- 
tions. Sharp distinction is not drawn be- 
tween the measurement of degree of dif- 
ference (by standard deviation) and sig- 
nificance of difference (by standard 
error). The erroneous idea that meristic 
counts are fully discrete (strictly noncon- 
tinuous) is not denied. Descriptions and 
especially keys are indicated as designed 
solely or almost wholly for the identifica- 
tion of specimens, whereas they may be 
valuable also for the portrayal of relation- 
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ships and for the reporting of data of 
value for speciational and phylogenetic 
analyses. Photographic illustrations are 
definitely underrated. Although it is em- 
phasized that names for familial and 
higher categories are plural, the more 
needed advice is not stressed that generic 
names, despite very frequent misuse, are 
always singular. Missing are references 
to several important treatises, including 
Schenk and McMasters’ book Procedure 
in Taxonomy as well as the two scholarly 
papers by Walther Miller and by Frederic 
E. Clements, on the classical basis for the 
formation of scientific names. It would 
have been useful to indicate that system- 
atists should obtain large numbers of re- 
prints and should distribute them widely, 
and to state that reprint collections are 
particularly useful in systematic research. 
No attention is given to systematic meth- 
ods that are distinctive of the study of cer- 
tain groups, such as Protozoa and para- 
sitic worms. 

As would be expected, the authors have 
drawn almost exclusively on ornithology 
and entomology for examples. In general 
this is not a serious defect, for such ex- 
amples are usually adequate to illustrate 
the procedure or principle involved. 
Many a systematist, however, will feel 
that his field has been slighted, particu- 
larly in the history of zoological taxonomy 
and in the treatment of subjects in which 
he will think that pioneering and out- 
standing work has been done in his own 
field. He may think that some of the 
many examples drawn from ornithology 
are less effective than they would have 
been had they been taken from his field, 
in which he believes that greater progress 
has been made, for example in the statis- 


tical study of races and in the analysis of 
natural interspecific hybridization. He 
will recall that his studies are based on 
goodly series of whole specimens, rather 
than on individual study skins, and that 
for this and other reasons, a large array 
of characters has been utilized in specia- 
tional and phylogenetic analyses. Such a 
systematist may feel a bit annoyed on be- 
ing reminded so frequently of the com- 
pleteness and pre-eminence of bird sys- 
tematics. 

Most of the defects in the book are rel- 
atively minor, however, and are subject 
to correction in a new edition. They are 
more than balanced by the adequate cov- 
erage of most taxonomic questions, by the 
many wise statements, and by much 
sound advice. The writing is crisp and 
clear, the definitions precise, and the ex- 
amples numerous. Real systematic under- 
standing is shown, particularly in the 
sharp distinction of true taxonomic units 
from variations that have not formed pop- 
ulations. Extremely helpful are the de- 
scriptions of various methods (1) for 
plotting forms and variations geograph- 
ically and phylogenetically, (2) for the 
statistical and graphical analysis of vari- 
ation (too brief), and (3) for presenting 
keys and phylogenies in pictorial, graph- 
ical, and text form. The directions for pre- 
paring taxonomic papers should prove 
valuable, especially for beginners, but 
should have stressed the desirability of 
following the format approved by the 
journal in which they will be published. 
The thorough and temperate discussion of 
zoological nomenclature is very timely. 
The final chapter on ethics in taxonomy 
should be read, digested, and followed by 
old-timers as well as novices. 
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People and Projects 





Dr. Ernst Mayr, Curator of the Whitney 
Rothschild Collection, American Museum 
of Natural History, has been appointed 
Alexander Agassiz Professor of Zoology in 
the Museum of Comparative Zoology, Har- 
vard University. Mr. James C. Greenway, 
Jr., has been appointed Curator of Birds, 
succeeding the late James L. Peters, and 
Mr. Raymond A. Paynter, Jr., has been 
appointed Assistant Curator of Birds. 


The University of Michigan’s Museum 
of Zoology will give its entire crustacean 
collection to the U. S. National Museum, 
according to a recent announcement by 
President Harlan Hatcher. The collection 
is a rather large one with particularly 
good specimens from the regions of the 
Great Lakes and the Ozark Plateau. Since 
1933, however, the collection has been 
largely inactive, the Regents were told by 
J. Speed Rogers, director of the Museum 
of Zoology, and is no longer adequate to 
form the basis for important research 
work. In view of this, it is felt that the 
collection will be more useful both to the 
public and to research biologists when 
made available through the U. S. National 
Museum, which has long been a major 
center for work on the Crustacea. The 
Museum of Zoology now will concentrate 
its energies and resources on mammals, 
birds, reptiles and amphibians, fish, in- 
sects, and mollusks, in each group of 
which it has notable collections. 


On January 1, 1953, the two national 
entomological societies, the former Ento- 
mological Society of America and the 
American Association of Economic Ento- 
mologists, were united. The resultant 
single society, representing all phases of 
the science of entomology, has taken the 
appropriate name, the Entomological 


Society of America. Each of the amalga- 
mating societies brings a distinguished 
reputation into the new organization. 
With entomologists of the state agricul- 
tural experiment stations taking the in- 
itiative, the American Association of Eco- 
nomic Entomologists was organized at a 
meeting in Toronto, Canada, in 1889. The 
Entomological Society of America was or- 
ganized in 1906 in response to a need for 
a society in which emphasis would be 
placed on noneconomic phases of entomol- 
ogy. Professor J. H. Comstock, of Cornell 
University, himself a charter member of 
the Association, was chosen as the first 
president of the Entomological Society; 
and the two societies have held what were 
to all intents and purposes joint meetings 
every year, with the exception of 1942 
and 1945. 

Although the two organizations had 
supposedly different interests, in reality 
these interests overlapped widely; and as 
time passed it became increasingly evi- 
dent that no clear line of demarcation be- 
tween the two fields could be recognized. 
Merger of the two societies was consid- 
ered many years earlier, but it was not 
until 1949 that a serious effort in that di- 
rection was undertaken. That year each 
society appointed a committee of three 
men to consider the feasibility of such a 
merger and to make recommendations to 
their respective societies. After present- 
ing preliminary reports in favor of amalga- 
mation at the Tampa, Florida, meetings in 
December 1949, the two committees were 
continued as a joint committee to draw up 
a proposed Constitution and By-Laws, 
which were presented to the membership 
of each society at Denver, Colorado, in 
December 1950, together with recommen- 
dations for procedure to effect the amalga- 
mation. After due deliberation the 
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merger proposal was submitted, by mail, 
to the membership of each society early 
in 1951. The Association, in 1951, and the 
Society, in 1952, voted to ratify the new 
Constitution, making it possible for the 
newly constituted Entomological Society 
of America to begin functioning as of Jan- 
uary 1, 1953. 

During the current year an Interim 
Governing Board, composed of the execu- 
tive committees of the two former organi- 
zations, is conducting the affairs of the 
Society, and a full-time executive secre- 
tary will be selected by the Board. Dr. 
Charles E. Palm, of Cornell University, is 
president of the Society for 1953, and 
Herbert H. Ross, of Illinois State Natural 
History Survey, is president-elect. 

The Society will continue to publish the 
Annals of the Entomological Society of 
America and the Journal of Economic En- 
tomology. Each of these journals will ap- 
pear in its forty-sixth volume in 1953. 
The Index of American Economic Ento- 
mology and Memoirs of the Thomas Say 
Foundations will continue to be published 
intermittently. Entoma, a directory of 
insect and plant disease control, will be 
continued, and a new monthly Bulletin, 
to contain current items of general inter- 
est, will also be issued. 


Erratum. H. B. Hungerford, president 
of the Society of Systematic Zoology, was 
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erroneously stated (SysTEMATIC ZOOLOGY, 
2, 46) to be head of the Department of 
Entomology at the University of Kansas. 
Prof. Hungerford was head of the depart- 
ment for 25 years, but recently resigned 
from that office in order to devote more 
time to research. 


The project “Insects of Micronesia” 
(SystemMaTic Zoo.Locy, 1, 182), under the 
direction of J. Linsley Gressitt, has been 
transferred from the Pacific Science 
Board to the Bernice P. Bishop Museum, 
Honolulu, where Dr. Gressitt holds the 
position of entomologist. The museum 
has been awarded a grant of $15,200 by the 
National Science Foundation to help sup- 
port the project for the next 18 months. 
The field work is being completed with 
the balance of funds from the Board’s con- 
tract with the Office of Naval Research, 
with N. L. H. Krauss, Dr. Gressitt, and 
J. F. Gates Clarke each spending a few 
months in the Caroline Islands during 
1952-53. About 400,000 specimens have 
been assembled from Micronesia. Over 
100 specialists, representing about 50 in- 
stitutions in a dozen countries, are now 
associated with the project. The reports 
will be published as a special series of the 
3ishop Museum, with each author’s work 
as a separate issue. 








as. 
irt- 
1ed 
ore 


ia” 
the 
een 
nce 
1m, 
the 
um 
the 
up- 
ths. 
vith 
‘on- 
rch, 
and 
few 
‘ing 
lave 
ver 
} in- 
now 
orts 
the 
york 





SYSTEMATIC ZOOLOGY is published quarterly by the Society of 
Systematic Zoology. Its purpose is threefold: To publish, and there- 
fore to encourage the preparation of, contributions on basic aspects 
of all fields of systematics, principles and problems; to provide a 
suitable forum for discussion of the problems of the systematist 
and his methods; and to report as news the other activities of the 
Society of Systematic Zoology. 


Contributions of the following types are solicited: Papers on prin- 
ciples and the applications of principles of wide implication and 
general interest in any phase of systematics, such as comparative 
anatomy, zoogeography, paleontology, taxonomy, classification, evo- 
lution, or genetics; discussions of methods, specific problems, and 
activities of systematists; discussions of new books and mono- 
graphs; and news of systematists, organizations interested in sys- 
tematics, research and teaching programs, expeditions, collections, 
meetings, and anything else of interest to systematists. 


Major articles should be from 1500 to 10,000 words in length. Dis- 
cussion articles should not be over 400 words unless of very general 
interest. Contributors are encouraged to submit line drawings and 
diagrams to illustrate their articles. Half-tones may be accepted 
where necessary to the article. 
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use for SYSTEMATIC ZOOLOGY, under the supervision of the 
Council. 














